Bacterial Community Composition and Extracellular Enzymatic Function in Marine Waters by D'Ambrosio, Lindsay
  
 
 
 
 
 
BACTERIAL COMMUNITY COMPOSITION AND EXTRACELLULAR ENZYMATIC 
FUNCTION IN MARINE WATERS. 
 
 
 
 
 
Lindsay D’Ambrosio 
 
 
 
 
 
A thesis submitted to the faculty of the University of North Carolina at Chapel Hill in partial 
fulfillment of the requirements for the degree of Master of Science in the Department of 
Marine Sciences 
 
 
 
 
 
Chapel Hill 
2011 
 
 
 
                                                                                                              Approved by: 
 
                                                                                                        Prof. Carol Arnosti, Advisor 
 
       Prof. Andreas Teske, Reader 
 
           Prof. Barbara MacGregor, Reader 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©2011 
Lindsay D’Ambrosio 
ALL RIGHTS RESERVED 
 
 
 
 
iii 
 
 
 
 
 
 
ABSTRACT 
 
LINDSAY D’AMBROSIO: Bacterial community composition and extracellular enzymatic 
function in marine waters. 
(Under the direction of Carol Arnosti)  
 
 
Bacteria play an important role in the degradation of marine organic matter. A crucial 
first step involves bacterial release of extracellular enzymes to break large molecules into 
smaller, more manageable pieces. These enzymes are substrate-specific; if a community does 
not have a particular extracellular enzyme, it cannot access that portion of organic matter. 
This study is a first step in connecting bacterial community composition and hydrolytic 
function. Bacterial communities were compared from several different perspectives: particle-
associated versus free-living, active versus extant, coastal versus offshore, and at the surface 
versus at depth. The community composition analysis was paired with enzymatic hydrolysis 
analysis from the same community. This parallel approach has revealed important 
information about factors affecting bacterial community composition, provided an 
enlightening context for the interpretation of the hydrolytic capabilities of bacterial 
communities, and identified possible connections and points of disconnect between bacterial 
community composition and function.   
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CHAPTER 1 
1.  INTRODUCTION 
The Carbon Cycle and Extracellular Enzymes 
Marine particulate organic matter sinks and laterally advects in the water column, 
eventually bringing carbon from surface waters to the deep ocean. Offshore, most organic 
matter is marine-derived (Thurman 1985) and is remineralized by microbial communities as 
it sinks and laterally advects. About 50% of the primary production in the ocean on average 
is processed by marine microbes (Azam 1998). Ultimately, approximately 0.1% of organic 
matter actually reaches the sediments (John I. Hedges 1992). At the coast, organic matter can 
come from more varied sources, such as terrestrial plants, runoff, and human input, in 
addition to coastal phytoplankton primary production.  
Carbohydrates are a major class of organic matter (Benner et al, 1992), so it is 
important to understand their transformation from organic to inorganic forms. High 
molecular weight polysaccharides are present in marine waters from a number of sources, 
including terrestrial plants and algal exudates (Cowie & John I Hedges 1984; Hoyt 1970). 
Only molecules <600 Da can be transported into the cell (MS Weiss et al, 1991), so bacteria 
must release extracellular enzymes to break them apart. Polysaccharides are structurally 
complex, and therefore specific extracellular enzymes or combinations of enzymes are 
necessary to break them. Extracellular enzyme activity has been shown to vary by site and 
depth (see: Arnosti, 2011 for a review), as well as through the process of aggregate formation 
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(Ziervogel et al, 2009). The hydrolysis of organic substrates by extracellular enzymes is an 
important first step in the remineralization process. Different bacterial groups differ in their 
potential rates and enzymatic spectra, as shown through field (Martinez et al, 1996) as well 
as genomic (Bauer et al, 2006; Glöckner et al, 2003; Weiner et al, 2008) investigations. 
Bacterial communities may not be able to access important fractions of organic matter if they 
do not have the necessary enzymes and therefore will not be able to initiate the 
remineralization process. The composition of bacterial communities affects enzymatic 
capabilities, but this relationship is complex and may vary in sensitivity to differences in 
bacterial community structure due to spatial location, association with particles, and the 
overall metabolic activity of different bacterial groups.   
Biogeography of Bacteria 
Bacterioplankton dictate the pathways and paces of numerous marine biogeochemical 
cycles. Many of these bacterioplankton fill unique niches, exhibiting low functional 
redundancy and predictable abundance and spatial distribution patterns (Fuhrman et al, 
2006). Several specific bacterial groups have shown zonation patterns corresponding to 
different light or nutrient gradients, such as the Prochlorococcus high-light adapted and low-
light adapted ecotypes (Rocap et al, 2003) and SAR11 surface groups and deep group, with 
seasonal changes in their depth distribution (Carlson et al, 2008). Others are deep water 
groups, such as the SAR324 clade (Wright et al, 1997). A number of large-scale 
investigations have recently confirmed some of these abundance and spatial distribution 
patterns in surface waters (Baldwin et al, 2005; Pommier et al, 2007; Fuhrman et al, 2008; 
Biers et al, 2009; Wietz et al, 2010), and deep waters (DeLong et al, 2006; Agogué et al, 
2011; Lauro & Bartlett, 2008; Sogin et al, 2006; Schattenhofer et al, 2009). 
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Particle-Associated versus Free-living Bacteria 
Large aggregates, such as marine snow, have been studied since they were discovered 
as possible hot spots for remineralization activity by bacteria and animals (Parsons & 
Strickland 1962; Riley et al, 1965). The issue of whether particle-associated communities are 
different form free-living was therefore also of interest. However, phylogenetic analysis was 
not used to investigate this question in a study by DeLong et al, in 1993. Vast differences in 
bacterial community structure were seen first, in the Santa Barbara Channel (DeLong et al, 
1993), Chesapeake Bay (Bidle & Fletcher 1995), and the northern Adriatic Sea (Rath et al, 
1998). In contrast, (Hollibaugh et al, 2000) in the San Francisco Bay, and (Noble et al, 1997) 
in the Chesapeake Bay during summer saw similar assemblages for both groups. With many 
more studies, it has become apparent that differences between particle-associated and free-
living bacteria are nuanced. Some factors which may determine this phylogenetic 
relationship include water mass trophic status (Crump et al, 1999; Zhang et al, 2007), 
seasonality (Noble et al, 1997; LaMontagne & Holden 2003), residence time (Crump et al, 
1999; Zhang et al, 2007), depth (Acinas et al, 1999; Ghiglione et al, 2009; Moeseneder et al, 
2001) and particle origin and composition (Hollibaugh et al, 2000; Tang et al, 2009). 
Investigations of particle-associated and free-living bacterial communities have been carried 
out in a wide range of different water types: the Mediterranean Sea (Acinas et al, 1999; 
Moeseneder et al, 2001; Ghiglione et al, 2009), N. Adriatic mesocosms (Zoppini et al, 2005), 
the Wadden Sea (Stevens et al, 2005), the Baltic Sea (Tuomainen et al, 2006), Southern 
Ocean mesocosms (Abell & Bowman 2005), the arctic (Garneau et al, 2009; Kellogg & 
Deming 2009), the deep sea at the Puerto Rico trench (Eloe et al, 2010), rivers/estuaries 
(Zimmermann 1997; Crump et al, 1999; Selje & Simon 2003; Zhang et al, 2007), a salt 
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marsh tidal creek (Dang & Lovell 2002), a coastal lagoon (LaMontagne & Holden 2003) and 
lakes (Weiss et al, 1996; Lemarchand et al, 2006; Allgaier & HP Grossart 2006; Tang et al, 
2009).  A variety of methods have been used to investigate different types of particles. 
Methods vary regarding collection of particulate matter, molecular techniques, and 
phylogenetic resolution. These investigations have produced results indicating everything 
from vast differences to great similarity between particle-associated and free-living groups.  
However, to date, few of these studies have investigated these dynamics with the same 
methods in both a coastal and an offshore setting (Crump et al, 1999; Garneau et al, 2009). 
RNA and DNA as Proxies for Extant and Active Communities  
16S rDNA has been used identify members of the microbial community in a sample 
without isolation. DNA methods theoretically sample the whole DNA pool of a sample, 
including naked DNA and DNA from both living and recently dead bacteria. Bacteria can 
have 1–13 rRNA operons, possibly reflecting different strategies for growth (Schmidt, 1998). 
For example, recent studies show that marine bacteria capable of growing under low nutrient 
concentrations tend to have a single rRNA operon (Button et al, 1998; Fegatella et al, 1998). 
A relationship between growth rate and ribosome content has been shown for some marine 
bacteria, and the use of RNA methods has been suggested as way to examine active members 
of the bacterial community (Kemp et al, 1993; Poulsen et al, 1993). Ribosomes are much 
more abundant than rRNA operons, on a per cell basis. Between 6,800 and 72,000 ribosomes 
per cell have been found for Escherichia coli (Bremmer & Dennis 1996) and between 200 
and 2,000 for an oligotrophic ultramicrobacterium (Fegatella et al, 1998), depending on 
growth rate. Previous studies have found that active members of the community identified 
using rRNA analyses are often absent from DNA analyses (Moeseneder et al, 2001, size-
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fractioned; Moeseneder et al, 2005; Mills et al, 2005; Ghiglione et al, 2009; La Cono et al, 
2009). These active bacteria may be few in number, but could be performing important 
metabolic processes. In the opposite situation, groups found in DNA but not RNA libraries 
may be dead or dormant. Dormancy is the suspected status of ~50% of free-living bacteria 
(Hoppe, 1976; Tabor & Neihof, 1982; Pedros-Alio & Brock, 1983). Although some of these 
differences between DNA and RNA libraries are probably due to undersampling and/or 
differences in bias between PCR and RT-PCR, current results suggest that members of the 
metabolically active community are not always the same as the extant community.  
Connecting Bacterial Community Composition and Hydrolytic Function 
Bacterial communities from a wide range of latitudes have exhibited different 
abilities to hydrolyze the six substrates studied here (Arnosti et al., 2005). These broad-scale 
differences have been attributed to either varying hydrolytic capabilities or differential 
expression of a broad spectrum of enzymes that these communities have available. Sediment 
communities often have more extensive hydrolytic capabilities than water column 
communities (Arnosti, 2011). In the Arctic, this was attributed to a strong phylogenetic 
divergence between the two communities (Teske et al, 2011). It was suggested that 
recalcitrant organic matter reaching the sediments may have necessitated the greater number 
of phylum- and subphylum-level lineages observed in sediments than in seawater samples 
(Teske et al, 2011). The relationship between bacterial communities and their extracellular 
hydrolytic abilities is dynamic. Changes in bacterial community composition throughout the 
course of Phaeocystis-  or diatom- enriched North Sea mesocosm incubations highlighted the 
possible cyclical nature of the relationship: changes or differences in substrate (and, 
presumably, enzymatic requirement changes) as it was degraded altered the bacterial 
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community, which further altered the hydrolytic capabilities of the community (Murray et al, 
2007a. Haynes et al (2007) saw a shift in community composition with the addition of natural 
levels of diatom carbohydrates. To add to the story, enzymatic capabilities of bacterial 
communities are not always different. In fact, (Teske et al, 2011) found similar hydrolysis of 
the six substrates studied here by phylogenetically different bacterial communities. This 
emphasizes two important considerations: (1) the possibility of functional overlap between 
different bacterial communities, and (2) the uncertainty of which specific (possibly shared) 
bacterial groups are actually contributing to extracellular hydrolysis. Investigations of the 
relationship between specific bacterial groups and specific structurally complex substrates 
are in their infancy, but there are indications that such correlations might exist. For example, 
(Murray et al., 2007) noted several species-specific correlations to HMW polysaccharide 
hydrolysis in their enriched North Sea mesocosms. Bacterial phyloptypes related to 
Glaciecola and Deltaproteobacteria were positively correlated with xylan and chondroitin 
hydrolysis, respectively (Murray et al., 2007). Isolation studies also provide some evidence 
of enzymatic capabilities of organisms. For example, Pseudoalteromonas tetradonis, 
Sulfitobacter pontiacus, and Vibrio splendidus all can grow on laminarin as sole carbon 
source (Alderkamp et al, 2007). Whole-genome analyses provide helpful information on the 
complicated metabolic machinery necessary for the degradation of complex HMW substrates 
(Glöckner et al, 2003; Weiner et al, 2008). Genome sequences can also provide species-
specific and even strain-specific information. For example, the Bacteroidetes group is 
associated with the degradation of HMW products, particularly chitin. A whole genome 
sequence of Gramella forsetii contained none of the machinery to break down chitin or take 
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up hydrolysis products, but did contain an abundance of glycosyl hydrolases with close 
sequence similarities to arabinogalactans (Bauer et al, 2006).  
Functional Redundancy 
The degree of functional redundancy among microbial populations in a particular 
environment can determine the relationship between abiotic / environmental factors and 
ecosystem function. For example, in environment with high functional redundancy, any 
number of different bacterial groups (with different abilities to grow in varying conditions) 
could fill necessary functional roles, acting as “black boxes” upon encountering 
environmental change. Fuhrman et al (2006) found predictable, annually reoccurring 
bacterial communities 20 km off the southern California coast. Their results countered the 
hypothesis that microbial taxa are functionally redundant and thus interchangeable. They 
concluded that interchangeable bacterial groups would have led to the observation of 
different groups under varying environmental conditions. Morris et al (2005) observed a 
similar process during large scale mixing events in the Sargasso Sea, and Treeusch et al 
(2009) also observed patterned specialization in the northwestern Sargasso Sea. Additionally, 
Crump and Hobbie (2005) reported seasonal repeatability and predictability in two adjacent 
rivers that drain into the same coastal area. However, functional redundancy can vary by 
environment. In lakes, little evidence has been found for functional redundancy (Lindstrom, 
1998; Kent et al, 2004; Yannarell et al, 2003). Most of these field assessments of functional 
diversity have been based on spatial and or temporal patterns of bacterial community 
structure. Alonso-Sáez et al (2006) coupled these community survey techniques with 
methods for obtaining carbon processing variables in the northeast Atlantic Ocean. They 
found that the SAR11 clade remained constant throughout trophic changes, while 
8 
 
Bacteroidetes, Roseobacter and Gammaproteobacteria significantly increased toward more 
productive waters. Roseobacter and Gammaproteobacteria correlated with chlorophyll a and 
particulate organic carbon. Mou et al (2008) moved from bulk carbon processing parameters 
and purely identification-based methods to metagenomics and model components of the 
dissolved organic carbon pool (DMSP and vanillate). In their coastal site enrichments, they 
observed considerable overlap in gene composition for the substrates investigated and an 
abundance of carbon-processing capabilities other than those investigated for the particular 
substrates. They concluded that the compositional and temporal heterogeneity of coastal 
DOC may foster the growth of generalist bacteria. 
To address the long-term goal of understanding the extent of functional redundancy 
among bacterial communities, we assayed the enzymatic capabilities of bacterial 
communities and, in parallel, investigated four comparisons of bacterial composition: free-
living versus particle-associated, extant versus active, coastal versus offshore, and surface 
versus at depth. By understanding how these different aspects of the microbial community 
relate to the composition of the community and how the composition of the bacterial 
community relates to the extracellular enzymatic capabilities of the community, we hoped to 
explore the relationship between bacterial communities and their hydrolytic potential. 
 
2.  METHODS 
2.1 Site Description and Sample Collection 
Surface water was collected from the UNC Institute of Marine Sciences (IMS) (34° 
43' 19.32" N, 76° 45' 7.37" W), on the north shore of Bogue Sound, NC (Fig. 1a).  Bogue 
Sound is a shallow lagoon that lies behind Bogue Banks, part of the barrier island system 
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near Cape Lookout, NC. The water temperature was 20°C and the salinity 34 PSU at noon 
during collection on October 26
th
, 2009. At the end of the IMS pier, a 5 L carboy was triple 
rinsed and filled with surface water.  
Water was collected from Station 015 (34° 11' 2.399" N 75° 49' 22.799" W, 
maximum depth of 530m) from the R/V Cape Hatteras on December 4
th
, 2009, between 4:17 
and 5:12 AM (Fig. 1b). The station is located just before the shelf break, approximately 80 
km off Cape Lookout.    
Three separate 5 L carboys were triple-rinsed, and each was filled with water 
collected from a single depth: 2m “surface”, 146m “mid-depth” (sub-thermocline), and 505m 
“bottom”, using a rosette of Niskin bottles attached to a Sea Bird conductivity-temperature-
depth profiler. The temperature and salinity of each sampling depth were as follows: surface 
25°C and 36.3 PSU, mid-depth 21.5°C 36.7 PSU, and bottom 6.25°C and 35.05 PSU.  
2.2 Filtration and Preparation of Filters 
To perform, in parallel, molecular characterization of the microbial community and 
enzymatic hydrolysis analysis, samples were gravity filtered through a 3.0µm Isopore 
membrane filter (Millipore Corp, Bedford, Mass.) and then a 0.2µm Durapore membrane 
filter (Millipore Corp, Bedford, Mass.) at 4°C in the dark overnight. The coastal station 
sample was collected and filtered on the same day. Gravity filtration of the offshore station 
carboys began on shore after the cruise, on December 14
th
. The surface water was filtered 
overnight on the first day, the mid-depth water on the second day, and the bottom water on 
the third day. From the coastal station and each depth of the offshore station, approximately 
1.5 L and 3.5 L of water was gravity filtered, respectively. All coastal and offshore filters 
were cut into pieces with sterile razors for parallel downstream analysis. One quarter of each 
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filter was dedicated to molecular characterization of the microbial community and was frozen 
at -80 C immediately after filtration was complete. The remaining three quarters of the filter 
was dedicated to enzymatic hydrolysis analysis and cut into twelve equal pieces, with two 
pieces for each polysaccharide substrate (Fig. 2). The measurements of enzyme activities 
were begun immediately after filtration was complete. Volumes of water filtered through the 
2-filter set were measured for precise calculation of hydrolysis rates. 
2.3 Enzymatic Hydrolysis Measurements 
Extracellular enzymatic hydrolysis rates were measured using six fluorescently 
labeled, structurally distinct polysaccharides: pullulan, an α(1,6)-linked polymer of 
maltotriose; laminarin, β(1,3)glucose; xylan, β(1,4) xylose; fucoidan, a sulfated fucose 
polysaccharide; arabinogalactan, a mixed polymer of galactose and arabinose; and 
chondroitin sulfate, a sulfated polymer of N-acetyl galactoseamine and glucuronic 
acidlaminarin. Laminarin and xylan occur in marine algae (Painter, 1983), fucoidan was 
produced from Fucus vesiculosus (Fluka) and chondroitin sulfate was produced from shark 
cartilage (Fluka). Arabinose and galactose are among the monosaccharides most commonly 
detected in phytoplankton, marine waters and sediments (Cowie and Hedges, 1984; 
Biersmith and Benner, 1998; and references therein), and the monomer of pullulan is 
glucose. The polysaccharides (Sigma-Aldrich, St. Louis, MO, USA) were labeled with 
fluoresceinamine as previously described (Arnosti, 2003). 
From each filter, two pieces were designated for each of the six substrates. Controls 
consisted of plain filter pieces (no seawater filtered through them). Filter pieces were placed 
into separate incubation vials with 30 mL autoclaved artificial seawater. Another vial 
contained an autoclaved filter in autoclaved artificial seawater as a killed control. Triplicate 
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incubations (plus an autoclaved control) were also made in whole (unfiltered) water and in 
the filtrate after the sequential filtration through the 3µm and 0.2µm filters. For all 
incubations, substrates were added to a final concentration of 3.5 µM monomer equivalent. 
Coastal, offshore surface, and offshore mid-depth samples were incubated at room 
temperature in the dark. The offshore bottom water was incubated at 5°C in the dark. 
Subsamples (each ca. 1.5 mL) of seawater or ASW were taken from coastal incubations 
immediately after substrate addition, and then after 1, 2, 6, 8, 13, and 29 days. For offshore 
incubations, subsamples were taken immediately after substrate addition, and after 2, 7, 14, 
21, and 28 days incubation. Subsamples were filtered through 0.2 µL pore filters and stored 
frozen until analysis.  Polysaccharide hydrolysis was measured using a gel permeation 
chromatography/HPLC system with fluorescence detection, and hydrolysis rates were 
calculated as described previously (Arnosti, 1995; Arnosti, 2003). 
2.4 Cell Counts and DOC Measurements 
Bacteria were counted using the method by Porter and Feig (1980). Seawater samples 
were fixed with formaldehyde (2% v/v final concentration) shortly after sampling and stored 
at 4˚C. For cell enumeration, ten milliliters of the samples were stained with 4’, 6-diamidino-
2-phenylindole (DAPI, 0.1 µg l-1 final concentration) for 10 min in the dark at room 
temperature and filtered through a 0.2-µm black Nucleopore filter. Cells were 
microscopically examined using an epifluorescence microscope (Olympus, magnification 
x1000) equipped with a digital camera (Olympus TH4-100), and cells from ten randomly 
chosen frames were counted on duplicate slides.  
Ten milliliters of the 0.2-µm filtered seawater were stored in combusted glass vials at 
-20˚C for DOC analysis. For analysis, samples were thawed and an aliquot was withdrawn 
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and acidified with phosphoric acid (50% v/v) to measure DOC concentrations by high 
temperature catalytic oxidation using a Shimadzu TOC-5000. 
2.5 Bacterial Community Characterization 
Total Nucleic Acids Extraction 
The same total nucleic extraction protocol (Dempster et al, 1999) was followed for all 
samples, using the quarter of each filter dedicated to molecular work. Filter pieces were 
stored in separate microcentrifuge tubes at -80°C in a CTAB solution, consisting of 100mM 
TrisHCl at pH 8.0, 1.4M NaCl, 2% (w/v) Cetyl trimethylammonium bromide (CTAB), 1.0% 
polyvinyl pyrrolidone (PVP), and 20mM Ethylenediaminetetraacetic acid (EDTA). For 
extraction, filters in solution were thawed to room temperature and 0.4% (v/v) beta-
mercaptoethanol was added to each tube. Samples were vortexed briefly and incubated at 
65°C for 15 minutes, with occasional inversion. They were cooled to room temperature and 
an equal volume of chloroform/isoamyl alcohol (24:1) was added. Samples were mixed at 
room temperature for 20 minutes and then centrifuged at 12,500 rpm for 20 minutes at 4°C. 
The aqueous layer was transferred to a new tube and once more chloroform/isoamyl alcohol 
was added and spun for 5 minutes. The aqueous layer was again moved to a new tube and ½ 
volume 5 M NaCl and 1 volume isopropanol were added. Samples were frozen at -80°C for 
at least 2 hours and then thawed and spun at 4°C for 45 minutes. The pellet was washed with 
70% ethanol and resuspended in 50 µL of RNase free water.  
PCR and Cleaning of Nucleic Acids 
Both reactions used bacterial 16S rRNA primers, 8F (5’-AGRGTTTGATCCTGGCT 
CAG-3’) and 1492R (5’-CGGCTACCTTGTTACGACTT-3’) (Teske, et al,, 2002) at an 
annealing temperature of 60°C.  
13 
 
For creation of DNA libraries, a 25 µL polymerase chain reaction (PCR) was 
performed with SpeedSTAR HS Polymerase (Takara, Shiga, Japan). Each PCR reaction 
contained 1 µL DNA template, 2.0 µL each primer solution (10 µM each), 0.25 µL 
SpeedSTAR Polymerase, 2.0 µL deoxynucleotide triphosphate (2.5 mM each dATP, dCTP, 
dGTP and dTTP), and 2.5 µL 10X Fast Buffer I. Conditions for PCR in the Bio-Rad iCycler 
(Hercules, CA, USA) were as follows: heat activation at 94°C for 2 min, followed by 25 
cycles consisting of 10 s denaturation at 98°C, 15 s primer annealing at 60°C, and 20 s 
elongation at 72°C. The PCR terminated with a 72°C extension at 10 min.  
For production of cDNA, an aliquot of the extracted total nucleic acids was treated 
with RNase-free DNaseI using Turbo DNA-free kit (Ambion, Austin, TX, USA). The 
uncontaminated RNA was used in a 25 µL reverse transcriptase chain reaction (RT-PCR) 
with a Real-Time One-Step RNA PCR Kit, Version 2.0 (Takara, Shiga, Japan).  Each RT-
PCR reaction contained 1 µL RNA template, 12.5 µL 2X One Step RNA PCR Buffer, 2.0 µL 
each primer solution (10 µM each), 0.5 µL RNase inhibitor, 0.5 µL TaKaRa Ex Taq HS, and 
0.5 µL Reverse Transcriptase XL (AMV). Conditions for RT-PCR in the Bio-Rad iCycler 
(Hercules, CA, USA) were as follows: reverse transcription at 42°C for 15 min, reverse 
transcriptase inactivation at 95°C for 2 min, followed by 25 cycles consisting of 20 s 
denaturation at 98°C, 25 s primer annealing at 60°C, and 1 min elongation at 72°C. The RT-
PCR terminated with an extension at 72°C for 10 min.  
Coastal DNA and cDNA was cleaned using a Wizard SV Gel and PCR Clean-Up 
system (Promega, Madison, WI, USA), using either the gel purification or PCR product 
purification protocols provided with the kit. In brief, for gel purification PCR product bands 
were excised from a 1% LMP agarose gel and dissolved in the presence of guanidine 
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isothiocyante. DNA was isolated on a silica column in a microcentrifuge tube by centrifuging 
the dissolved gel or unpurified PCR through the filter and discarding the filtrate, which 
consisted of agarose and other unwanted products. After ethanol washing, clean DNA was 
eluted with nuclease-free water.  Offshore DNA and cDNA were cleaned using an 
UltraClean GelSpin DNA Extraction Kit (Mo Bio Laboratories, Solana Beach, CA, USA), 
which follows the same process as the Wizard SV Gel and PCR Clean-Up system. All 
cleaned PCR and RT-PCR products were poly-adenylated just before they were cloned.  
Samples which gave >30% chimeric results were re-processed, this time using a 
reconditioning PCR. 1ul of PCR product was used in a new PCR reaction with new reagents, 
but only for 3 more cycles. Reconditioning produced a cleaner band, so these samples were 
not cleaned or gel purified.  
To assess primer bias, one library (3µm filter, mid-depth DNA) was constructed 
again using a different pair of general primers. Bacterial 16S rRNA primers 341F (5'-
CCTACGGGAGGCAGCAG-3') (Muyzer et al, 1993) and 1390R (5'- 
GACGGGCGGTGTGTACAA -3') (Olsen et al, 1986) were chosen. The PCR regime was 
identical except for a 55°C annealing temperature.  
Creation of Clone Libraries and Sequencing 
Clean PCR and RT-PCR products from the coastal site were cloned into chemically 
competent E. coli using a TOPO TA Cloning Kit containing pCR 2.1-TOPO vector with TOP 
10 cells (Invitrogen, San Diego, CA, USA) to create the DNA “extant” and RNA/cDNA 
“active” clone libraries. Offshore PCR and RT-PCR products were cloned into TOP10 
chemically competent E. coli using a TOPO TA Cloning Kit for Sequencing containing pCR 
4.0 TOPO vector with TOP 10 cells (Invitrogen, San Diego, CA, USA) to create the DNA 
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“extant” and RNA/cDNA “active” clone libraries. The protocols provided with each kit were 
followed. In brief, salt, vector, and PCR product were incubated at room temperature for 
ligation and incorporated into E. Coli by heat shock. The cells were given SOC medium, 
shaken at 37°C for 1 hour, and plated on LB with kanamyacin and x-galactose. White 
colonies were picked and chosen for sequencing. Sanger sequencing of bacterial colonies 
was performed by GENEWIZ, Inc. (South Plainfield, NJ) on an ABI 3730xl sequencer.  
Universal primers were provided by the company; M13F(-21), 18 mer,  5'-d(TGT AAA ACG 
ACG GCC AGT)-3' and M13F(-47), 24, mer 5'-d(CGC CAG GGT TTT CCC AGT CAC 
GAC)-3'. Each colony was sequenced in the forward and reverse direction. 
The low-quality ends of sequences were trimmed using Sequencher (Genecodes, Ann 
Arbor, MI, USA). The 3 prime and 5 prime ends were trimmed until 25 bases contained less 
than 3 ambiguous bases and bases with confidence less than 25. No more than 25% of the 
sequence was removed at either end. Vector sequences were removed, with 3 bases minimum 
overlap to consider as vector contamination, an approximate match percentage 80% to 
consider as contamination, and a minimum overlap of 10 bases allowed without exact 
matches. Forward and reverse directions were matched and assembled into one contiguous 
sequence automatically. Manual editing was performed on sequences that still showed 
ambiguous bases or mismatches between sequencing strands. 
Phylogenetic Analysis 
Clean, full-length sequences were sent to greengenes.lbl.gov (DeSantis et al, 2006) 
for chimera checking using Bellerophon (Huber et al, 2004). Default settings were kept. All 
sequences from all libraries were compared to each other and to the Core Set of sequences. 
The Core Set is a group of about 10,000 sequences, representative of most major prokaryotic 
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taxa. Hyper-variable regions were not considered in the analysis. Sequences that showed 
97% and 1250bp length similarity or greater using the Basic Local Alignment Search Tool 
(BLAST) were considered non-chimeric. Remaining sequences were checked for chimeras 
using a parent-to-fragment ratio of 90 and a divergence ratio threshold of 1.1. Phylogenetic 
tree were constructed from non-chimeric sequences using the SILVA Release 104 SSU Ref 
database from www.arb-silva.de (Pruesse et al, 2007) and the ARB neighbor-joining tree 
construction in the ARB Software environment, version 5.1 (Ludwig et al, 2004). Sequences 
were auto-aligned to a PT Server created from the database and then manually checked and 
edited. From the trees, lone sequences and those with long branch lengths were manually 
checked for chimeras by using the nucleotide BLAST provided by NCBI to align both ends. 
Sequences which aligned to different species were deemed chimeric. 
When all sequences were properly aligned and deemed non-chimeric, library-specific 
FASTA files and a distance matrix of all library sequences were constructed, based on 
uncorrected sequence distances, and used for neighbor-joining tree inference in ARB. 
Phylogenetic trees were exported to PAUP4.0 (Swofford, 2003) for bootstrap analysis, using 
the same distance criteria as in ARB, and 1000 neighbor-joining bootstrap resamplings for 
testing the tree topology. Shared OTU comparisons and Shannon Diversity indices were 
made using the MOTHUR program v.1.12.3 (Schloss et al, 2009), and OTUs were clustered 
using the furthest neighbor algorithm at 97% similarity for one-branch representation of 
multiple clones in the phylogenetic trees. The FastUnifrac web program was used to 
investigate the phylogenetic variation among libraries (Hamady et al, 2009). The program 
takes as input a phylogenetic tree, a “Sample ID” spreadsheet (delineates which clone from 
the tree belongs to which library), and a “Category Mapping” spreadsheet (assigns various 
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designations to groups of libraries; ex: Particle-Associated or Free-Living, DNA or RNA). 
FastUnifrac uses the Unifrac algorithm to make pairwise comparisons between all libraries. 
Cluster diagrams from the library comparisons were constructed and jackknife support 
analyses for were also performed using both the weighted and unweighted options. 
 
3.  RESULTS 
3.1 Characterization of Water Masses Sampled 
CTD Information 
The coastal station had marine salinity (34 PSU) and a temperature of 20°C. The 
offshore station samples included three different parts of the North Atlantic Central Water, 
which circulates around the North Atlantic Subtropical Gyre and encompasses the Gulf 
Stream. The warm surface temperature is indicative of the modified surface water of the Gulf 
Stream. The salinity maximum at the mid-depth sampling (Fig. 3, 146m) is indicative of the 
Subtropical Underwater. This water forms when evaporation increases salinity in Sargasso 
Sea surface water. The water slips below surface water but still overlays fresher water below. 
Water masses formed in this way are typical in subtropical gyres, and are characterized by 
high subduction rate, short residence times, and high production rates (Worthington 1982; 
O’Connor et al, 2005). The oxygen profile offshore provides another signature of three 
different water masses, with an oxygenated mixed layer, an oxygen minimum at mid-depth, 
and oxygenated bottom water.   
Dissolved Organic Carbon 
The coastal station had approximately twice the concentration of dissolved organic 
carbon (DOC) as the offshore station surface site (221µm and 113µm; Fig. 4). Of the three 
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offshore depths, the surface had the highest concentration of DOC. The mid water had a 
lower concentration of DOC than the surface (81µm). The bottom water average 
concentration was lower than the surface and greater than the mid waters (103µm), but the 
deviation between two replicates does not allow for significant differentiation (±37µm).  
Prokayotic Cell Abundance 
The coastal station had an order of magnitude higher cell abundance than the offshore 
station (2.3 x 10
6
 and 0.21 x 10
6
 cells per ml, respectively; Fig. 5). Offshore, the surface 
water had the highest cell abundance, and the mid and bottom depths had the same average 
cell abundance (0.07 x 10
6
 cells per ml).  
3.2 Bacterial Community Structuring 
Total nucleic acids were extracted from two size filters (0.22µm and 3.0µm) obtained 
by sequential filtration of coastal water from one station and water from three depths at the 
offshore station. We constructed clone libraries from DNA and reverse-transcribed RNA 
(cDNA) for each filter.  
After sequencing, alignment, and chimera removal, 38 to 55 sequences from each 
library were used to construct phylogenetic trees (Fig. 6). Rarefaction curves can be found in 
Fig. 7. The slope of each line indicates the depth of sampling for a particular library. Curves 
which reach a plateau such as that of the offshore mid-depth particle-associated DNA library 
have been sampled well, whereas curves which have not plateaued such as that of the 
offshore surface free-living DNA library are undersampled.  
The phylogenetic trees in Fig. 6 show the relationships among all sequences from this 
study and cultured and uncultured bacteria from other studies. A distance matrix was created 
in ARB from these trees, and sequences from this study were clustered into OTUs using the 
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MOTHUR program (Schloss et al, 2009). OTUs were clustered using the furthest neighbor 
algorithm such that all of the sequences within an OTU were at most 0.03% distant from all 
of the other sequences within the OTU. Only one representative sequence was shown in the 
phylogenetic tree. The pie charts in Fig. 8 portray the community composition for each 
library and were constructed using the phylogenetic trees. They use taxonomic grouping and 
labels at varying phylogenetic levels. Horizontal bars show the diversity, as determined by 
the Shannon Index, relative to the most diverse library, which was the offshore surface free-
living DNA library. To compare community composition, the FastUnifrac web interface 
(Hamady et al, 2009) was used to perform cluster analysis and jackknife analysis for 
information on the support for each branch found in the cluster analysis (Figs. 10 and 11). 
The weighted (Fig 10; taking into account OTU abundances) and unweighted (Fig. 11; not 
taking into account OTU abundances) methods were used.  The percentage of OTUs shared 
between different libraries (Figs. 12 and 13) and groups of libraries (Figs. 14 and 15) was 
calculated for differences between DNA and RNA and particle-associated and free-living 
groups. The percentage of OTUs shared between offshore libraries of different depths was 
also calculated (Fig. 16), as well as comparisons between the coastal station and all three 
depths of the offshore station (Fig. 17). OTUs that represented five or more sequences were 
organized into heat maps (Figs. 20-23) showing the percentage of each library that it 
represented. A heat map showing all OTUs can be found in Appendix B. Community 
diversity was addressed using the Shannon Diversity index through the MOTHUR program 
and displayed according to library characteristics (Fig. 24). 
Community Composition of Each Library  
20 
 
The pie charts in Fig. 8 show the community composition of each of the 16 libraries. 
Alphaproteobacteria groups are colored in blue, and Gammaproteobacteria groups are 
colored in red. The surface, mid-depth, and bottom offshore libraries are all very different. 
The mid-depth libraries, derived from the Subtropical Underwater (with slightly elevated 
salinity; Fig. 3) had some unique properties compared to libraries from the other depths. 
Most notable was the low diversity. The bacterial groups found were mostly 
Gammaproteobacteria, with Marinomonas, Oceaniserpentilla, and Balneatrix especially 
dominant. Some of these groups were still present in the offshore station bottom libraries, but 
they were not always as dominant. A few groups were dominant in all four mid-depth 
libraries (both filter size classes; DNA and RNA-derived), one of which (Oceaniserpentilla) 
was exclusive to mid-depth libraries. Very close relatives (99.6%) were later found to 
dominate water samples from the Deepwater Horizon subsurface plume (Hazen et al, 2010). 
The offshore surface and coastal libraries have some similarities such as the presence of the 
SAR11, Rhodobacterales, Bacteroidetes, and photosynthetic groups. However, differences 
between the offshore surface station and coastal station libraries were apparent, such as 
higher representation of Actinobacteria and lower representation of Gammaproteobacteria 
groups in the coastal station library than in the offshore surface station. In the offshore station 
bottom libraries, other Gammaproteobacteria and non Gammaproteobacteria groups such as 
Bacteroidetes, Actinobacteria, Deltaproteobacteria (mostly SAR324) and the SUP05 cluster 
were additionally prominent. The particle-associated and free-living libraries were often very 
different from each other, and the DNA and RNA libraries (representing the extant and active 
communities, respectively) were often strikingly different.  
Phylogenetic Variation Among Libraries 
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The FastUnifrac web program (Hamady et al, 2009) was used to analyze phylogenetic 
variation among the 16 libraries (Figs. 10 and 11). When OTU abundances were taken into 
account (Fig. 10), most branches were well-supported and show a clear separation between 
the surface and subsurface groups. Among the surface groups, another distinction was found 
between libraries constructed from DNA versus RNA. No such distinction was found among 
the subsurface libraries. However, the subsurface libraries loosely clustered into particle-
associated and free-living groups, while this not apparent among the surface libraries. When 
OTU abundances are not taken into account (Fig. 11), branches are not as well-supported. A 
strong distinction between surface and subsurface groups was still present, as well as the 
separation between DNA and RNA libraries among the surface libraries, and again no such 
distinction among the subsurface libraries. Among the subsurface libraries there was a loose 
clustering of both bottom and mid samples into separate groups and particle-associated and 
free-living samples into different groups (three of four samples clustering together in each 
case).  
Shared OTUs among libraries  
 The MOTHUR program was used to investigate the number of OTUs shared between 
different libraries or groups of libraries (Figs. 12-17). The OTU sharing method used here 
does not take into account abundances of OTUs when comparing two groups of sequences. 
Sharing of OTUs between complementary DNA and RNA libraries varied (Fig. 12). The 
percent shared indicates how many of the sum of OTUs present in both libraries were shared. 
Sharing was strongest between offshore mid-depth free-living and mid-depth particle-
associated DNA and RNA libraries (33% and 25%). The offshore bottom depth shared just 
3% of OTUs between free-living DNA and RNA libraries and 24% between particle-
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associated DNA and RNA libraries. The surface offshore and coastal libraries all shared 8-
12% of their DNA and RNA groups for each size fraction. Fig. 14 shows sharing between 
DNA and RNA libraries at more general grouping levels. These calculations were not made 
by adding the percent shared for pairwise comparisons but were made by comparing all 
clones included in the group and finding the shared OTUs between DNA and RNA of this 
new group. If all DNA and RNA libraries are considered, 19% of all OTUs can be found in 
both a DNA and an RNA library. If only offshore libraries are considered, then 22% of OTUs 
can be found in both a DNA and an RNA library. The offshore mid and bottom community 
libraries considered separately share 26% and 22% of OTUs, respectively, between DNA and 
RNA libraries. Considering the coastal, offshore surface, and coastal/offshore surface 
combined libraries, fewer OTUs were shared among DNA and RNA libraries (11-13%).  
Sharing of OTUs between particle-associated and free-living libraries varied even 
more than those between DNA and RNA libraries (Fig. 13). The offshore mid-depth sharing 
was great, with 44% of DNA and 24% of RNA groups sharing OTUs between particle-
associated and free-living libraries. The next strongest sharing was seen at the coast, with 
21% of DNA and 30% of RNA groups sharing OTUs between particle-associated and free-
living libraries.  The surface offshore shared 15% and 17% of particle-associated and free-
living OTUs from DNA and RNA libraries, respectively. The offshore bottom libraries 
shared very little (3%) of particle-associated and free-living OTUs in either the DNA and 
RNA libraries. Fig. 15 shows the shared OTUs between particle-associated and free-living 
libraries for larger groups. These calculations were not made by adding the percent shared for 
pairwise comparisons, but were made by comparing all clones included in the group and 
finding the shared OTUs between particle-associated and free-living OTUs of this new 
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group. The coastal and offshore mid libraries shared 26% of OTUs between particle-
associated and free-living groups. The least sharing was seen in the offshore bottom libraries, 
where 17% of OTUs were shared between particle-associated and free-living groups. 
Grouping all, offshore, offshore surface, and coastal+offshore surface OTUs together 
resulted in 18-22% sharing between particle-associated and free-living OTUs.  
The three different depths of offshore communities were examined for shared OTUs, 
disregarding labels of particle-associated, free-living, DNA, and RNA (Fig. 16a). 19% of 
OTUs were shared between mid and bottom libraries, and 0.8% between the surface and the 
bottom, and surface and mid depths. Just particle-associated OTUs were also examined for 
sharing among the three offshore depths (Fig. 16b). Twenty-three percent of OTUs were 
shared between the mid and bottom depths, and 2.5% were shared between the surface and 
bottom libraries. When only free-living communities were examined for sharing of OTUs 
between depths (Fig. 16c), it was found that 23% of OTUs were shared between mid and 
bottom libraries. Extant OTUs were also examined. Just 11% of DNA OTUs were shared 
between mid and bottom libraries, and 5.5% between surface and bottom libraries (Fig. 16d). 
22% of RNA OTUs were shared between mid and bottom libraries, and just 2% between 
surface and mid, and surface and bottom libraries (Fig. 16e).  
The coastal station libraries were included in OTU comparisons, as well (Fig. 17). For 
this comparison, only DNA clones were considered. More OTU overlap was observed 
between the coastal and offshore station free-living than particle-associated libraries. Neither 
size fraction shared OTUs between the surface and mid-depth offshore libraries, and both 
particle-associated and free-living libraries exhibited similar overlap of OTUs between the 
mid-depth and bottom site libraries.  
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Several OTUs were found in coastal and offshore surface particle-associated and free-
living libraries (Fig. 18a).  These were ‘Candidatus Pelagibacter ubique’, Synechococcus sp. 
RS9905, and the Actinobacteria group OCS155. These OTUs were among the top six most-
represented. Only one OTU (Synechococcus sp. RS9905) was found in coastal and offshore 
surface RNA and DNA libraries (Fig. 18b).  
In this study, cells that have a tendency to become metabolically active upon 
attachment to bacterial surfaces would be more likely to be found in the both (1) free-living  
DNA libraries and (2) particle-associated RNA libraries, and not in free-living RNA libraries 
(Fig. 19).  Marinomonas, Pseudoalteromonas, Flavobacteria, Neptunomonas, Reinkea, and 
Thalassobius groups exhibited this pattern, but only for the offshore bottom libraries. 
OCS116 groups exhibited this pattern, but only in the surface offshore libraries.  
OTU Distribution Among Libraries 
Heat maps (Figs. 20-22) show the distribution of OTUs among each of the 16 
libraries with more-specific phylogenetic information and clone numbers corresponding to 
the phylogenetic trees (Fig. 6). Fig. 20 shows the top 28 OTUs that represent the greatest 
number of sequences and the percentage of each library for which they account. The two 
most common OTUs were both Gammaproteobacteria only found at the mid-depth and 
bottom depths offshore. The first of these represented 73 sequences (10.1% of the 723 total 
sequences from all libraries) and group with the Marinomonas with no closely related 
cultured relatives. An uncultured close relative was identified in bacterioplankton samples 
exposed to diatom detritus (Bidle & Azam 2001). This OTU was found most often in the 
particle-associated DNA and RNA libraries from the mid-depth offshore station (comprising 
67% and 42% of those libraries, respectively). The Marinomonas OTU was also found in the 
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free-living library from the offshore mid-depth site and all bottom-depth libraries (2.1-17%), 
except for the free-living offshore bottom RNA library, which did not contain any of these 
sequences. The second-most observed OTU grouped with Balneatrix. It was closely related 
to an uncultured endosymbiont of a cold-seep Mytilid Idas sp. (Duperron et al, 2008) This 
OTU was found most often in the offshore station free-living mid and bottom DNA libraries 
(55% and 59%, respectively). The Balneatrix OTU was also found in the offshore station 
particle-associated mid and bottom DNA libraries (6.7% and 8.3%, respectively) and the 
free-living mid RNA library (23%).  
The next four most common OTUs were all only found at the coastal station and the 
offshore station at the surface. The first of these OTUs is closely related to the ‘Candidatus 
Pelagibacter ubique’ strain HTCC1002, a coastal SAR11 isolate that carries out glycolysis 
(Schwalbach et al, 2010). This OTU was found most often in both the particle-associated and 
free-living coastal DNA libraries (32% and 31%, respectively) but was also found in both 
particle-associated and free-living DNA libraries from the offshore station surface sample 
(7.5% and 12%, respectively). A group of Synechococcus was most closely related to 
Synechococcus sp. RS9905, a member of clade III, the only clade in which motility has been 
found (Toledo et al, 1999). This OTU was only found in the coastal and offshore surface 
libraries. It constituted a considerable part (19-21%) of the particle-associated coastal and 
both size fractions of offshore surface RNA libraries. The Synechococcus group constituted 
less (6.8%) of the free-living coastal RNA library and even less (2-3.8%) of the free-living 
coastal and both size fractions of offshore surface DNA libraries. This OTU was not found in 
the particle-associated coastal DNA clone library at all. Four percent of all clones belong to 
an OTU that is very closely related to an uncultured Roseobacter group recently identified in 
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the Chesapeake Bay (Kan et al, 2008). This OTU was almost exclusively found in the coastal 
libraries and was most strongly represented in the RNA clone libraries of both size fractions 
(26-32%). It constituted a much smaller portion of the coastal DNA clone libraries (3.9-
4.3%). The only offshore library in which the Chesapeake Bay Roseobacter group was found 
was the free-living offshore surface DNA clone library (2%). An OTU belonging to the 
OCS155 clade of Actinobacteria comprised 3.9% of all clones and was only found in coastal 
and offshore surface DNA libraries. It constituted a considerable portion of both size 
fractions of coastal DNA libraries (26% of particle-associated and 32% of free-living) and 
represented a much smaller portion of the particle-associated and free-living offshore surface 
DNA libraries (avg. 3.9%). This group of Actinobacteria is deeply branching and has been 
found in the Sargasso Sea, the continental shelf off North Carolina, the Northeastern Pacific 
Ocean, and the Columbia River mouth and estuary (Rappé et al, 2000).  
An Alphaproteobacteria OTU grouping with the genus Thalassospira was only found 
in the surface offshore library. It represented 51% of the free-living offshore surface RNA 
library (4.8%) and a small portion (4.8%) of the particle-associated surface RNA library. 
This OTU’s closest cultured representative is Thalassospira tepidiphila, a motile, 
facultatively anaerobic polycyclic aromatic hydrocarbon-degrading bacterium (Kodama et al, 
2008).  
Of the top 28 most common OTUs, only two were found in either a coastal (surface) 
library or a surface offshore library as well as a mid or bottom depth offshore library. One 
was the next most common OTU, a Pseudoalteromonas sp., and it represented much (32%) 
of the particle-associated offshore surface DNA library. It was also found to represent much 
less of the corresponding RNA library (4.8%) and the particle-associated offshore bottom 
27 
 
RNA and free-living offshore bottom DNA clone libraries (4.3% and 2%, respectively). This 
OTU is closely related to Pseudoalteromonas undia, of which most strains are capable of 
protease, lipase, and amylase activity, and some capable of galactosidase activity (Yu et al, 
2009).  
The next-most common OTU was found in all four offshore mid-depth libraries, but 
only in these libraries. It is a Gammaproteobacterium, grouping with the genus 
Oceaniserpentilla and is very closely related to uncultured representatives found in the Gulf 
of Mexico oil plume sample (Hazen et al, 2010). It was present in the particle-associated 
DNA and RNA libraries (18% and 14%, respectively) and the free-living DNA and RNA 
libraries (11% and 7.7%, respectively).  
The next four most-represented OTUs were only found in offshore mid and bottom 
libraries. The first is an Actinobacterium, which is closely related to an uncultured clone 
from >3µm size-fractioned seawater from the Puerto Rico Trench (Eloe et al, 2010). It 
constituted a considerable portion (29%) of the free-living offshore bottom RNA library and 
about half as much of the free-living offshore mid RNA library (13%). This OTU was also 
found in the free-living offshore mid DNA library (5.3%). The next-most common OTU was 
a Bacteroidetes, grouping with uncultured Flavobacteria clones from the Atlantic Ocean 
(Gómez-Pereira et al, 2010). It represented 19% of the particle-associated bottom RNA 
library and was not found in the free-living bottom RNA at all. It represented a small fraction 
of the mid RNA libraries for both size fractions and of the bottom DNA libraries for both 
size fractions (2.1-5.1%). A Gammaproteobacteria OTU closely related to an uncultured 
Eastern North Pacific Ocean clone in the SUP05 cluster was only represented in RNA 
libraries. It represented 26% of the particle-associated bottom RNA library, but was found in 
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no other bottom library. At mid-depth, it represented 4.5% of the particle-associated and 
5.1% of the free-living RNA libraries. The SUP cluster was originally discovered in the 
hydrothermal plume inside the caldera of the Suiyo Seamount (Sunamura et al, 2004), but 
has since been found in oxygen minimum zones (Walsh et al, 2009). The last of these four 
offshore mid and bottom water exclusive OTUs groups with the Neptunomonas. It 
represented 15% of the particle-associated bottom DNA library, less of the free-living bottom 
DNA (5.9%), and even less of the free-living bottom DNA and mid-depth particle-associated 
DNA and RNA libraries (3.9-5.1%). An uncultured relative was found as a symbiont of the 
polycheate Osedax sp. MB3 (Goffredi et al, 2007) 
The fourteenth, fifteenth, and sixteenth most representative OTUs follow the common 
surface and depth split in distribution observed in almost all other top OTUs (except 
Pseudoalteromonas). The fourteenth most representative OTU was a second 
Oceaniserpentilla cluster, which was distinct from the first Oceaniserpentilla OTU; however, 
this second OTU grouped with was distributed similarly to the first OTU. It was only found 
at mid-depth offshore, and it was found in all libraries there. It constituted 18% of the 
particle-associated DNA and 14% of the particle-associated RNA.  For the free-living 
libraries, it accounted for 11% and 7.7% of the DNA and RNA libraries, respectively. 18% of 
the free-living coastal RNA library consisted of an OTU in the SAR116 Alphaproteobacteria 
group. The genome of the first cultured representative of this group, ‘Candidatus 
Puniceispirillum marinum” IMC1322, was recently sequenced and suggests that the species 
is composed of metabolic generalists in ocean cycling (Oh et al, 2010). It was also found in 
the free-living coastal DNA (2%) and particle-associated coastal RNA library (5.3%). The 
sixteenth most representative OTU grouped with the Deltaproteobacteria Marine Group B / 
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SAR324 Clade Group II. Group II has been found globally distributed in cold waters (<16°C) 
(Wright et al, 1997), and enzyme sequencing has suggested that it is important in dissolved 
organic phosphorus cycling (Brown & Donachie 2006) It represented a considerable portion 
of the free-living offshore bottom RNA library (20%) and is also found in the free-living 
offshore mid-depth RNA library (2.6%).  
These sixteen OTUs represent a combined total of 60% of the total number of clones, 
combining all libraries. They also contain all OTUs that represent more than 10% of any one 
library.  
The remaining 12 OTUs that are represented in more than one library follow the 
coastal / offshore surface or offshore mid / offshore bottom split, except for one: An OTU 
grouping with Hyphomonas. Hyphomonas are ca. 0.9µm in diameter and reproduce by 
budding from the tip of a hypha up to three times longer than the parent cell (Weiner et al, 
1985). It was found in the particle-associated offshore DNA and RNA libraries (7.5% and 
4.8%, respectively), and also in the particle-associated offshore mid-depth RNA library 
(2.3%). An OTU grouping with Sulfitobacter, a genus capable of growing at a high sulfite 
concentration (Sorokin, 1995), was found in the offshore surface RNA library for both size 
fractions. A Flavobacterium from the Marine Group NS9 (Alonso et al, 2007) was found in 
the coastal RNA library for both size fractions. The SAR11 Surface 1b group (Carlson et al, 
2008) (distinct from the previously described OTU related to ‘Candidatus Pelagibacter 
ubique’ strain HTCC1002) was found in the DNA libraries of both size fractions at the 
surface offshore. On OTU closely related to Micromonas pusilla, a photosynthetic 
nanoflagellate prone to viral lysis rates of 2-10% of the population per day (Cottrell & Suttle, 
1995). It was found in the DNA libraries of both size fractions at the coast, and in the free-
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living DNA library at the surface offshore. OTUs grouping with Reinekea, marine sediment 
and water column bacteria (Choi & Cho, 2010) were found in all four offshore bottom 
libraries except the free-living RNA library. Clones from the Gammaproteobacteria Arctic 
96BD-19 group (Hollibaugh, 2002) related to the SUP05 cluster were found in the offshore 
mid free-living, bottom particle-associated and free-living RNA libraries. OTUs grouping 
with Leisingera, which grow by oxidation of methyl halides or select methylated substrates 
(Schaefer et al, 2002), were found in the offshore bottom particle-associated DNA and RNA 
libraries. An OTU belonging to Marine Group B / SAR324 Clade, but distinct from the 
previously described OTU, was found in the RNA libraries of both size fractions at the coast. 
This OTU was found in the Chesapeake Bay (Kan et al, 2008). On OTU grouping with a 
high light-adapted Prochlorococcus group HL-II was found the offshore surface free-living 
DNA and RNA libraries. A Flavobacterium from the Atlantic Ocean was found in the 
offshore mid free-living RNA and offshore bottom particle-associated RNA. It was also 
found in the offshore bottom free-living DNA library. This was distinct from, but grouped 
with and was distributed similarly to the previously described OTU. OTUs grouping with 
SAR86 (II), which harbor proteorhodopsins (Sabehi et al, 2004), were found in the coastal 
DNA libraries for both size fractions, and also in the offshore surface free-living DNA 
library.   
Figure 21 shows the heat map rearranged to highlight any partitioning into DNA and 
RNA clone libraries. Of the top 28 most-represented OTUs, 12 show DNA or RNA 
exclusivity. Five OTUs were only found in DNA libraries:  ‘Candidatus Pelagibacter 
ubique’, Actinobacteria gp. OCS155, SAR11-Surface 1, Micromonas, and the SAR86 (II) 
groups.  Seven OTUs were only found in RNA libraries: Thalassospira, the Eastern North 
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Pacific Ocean SUP05 cluster, MGB / SAR324 Clade – Group II, Sulfitobacter, Arctic 
BD96BD-19 Group, Flavobacterial Marine Group NS9, and the SAR324- Chesapeake Bay 
group.   
Figure 22 shows the same heat map rearranged to highlight any partitioning of 
species between particle-associated and free-living libraries. Of the top 28 most-represented 
OTUs, 5 were only found exclusively in particle-associated or free-living libraries. The first 
of these, ordered according to sequences represented, is the Puerto Rico Trench 
Actinobacteria group. It was only found in the offshore mid and bottom free-living 
communities. The second is the MGB / SAR324 Clade- Group II, only found in the free-
living offshore mid and bottom RNA clone libraries. The third OTU to show exclusive 
presence in one size fraction is the Hyphomonas group, only found in particle-associated 
offshore surface and mid libraries. The Leisingera OTU also showed particle-associated 
exclusivity and was only found in the offshore bottom libraries. The last OTU to show size 
fraction exclusivity was the Prochlorococcus group, only found in the free-living offshore 
surface libraries.   
The first column of Fig. 23 summarizes the partitioning of OTUs between coastal / 
offshore surface and mid / bottom waters. Taken all together, 95% of all OTUs represented in 
more than one library (57 total) show partitioning into coastal / offshore surface or mid / 
bottom waters. 56% of these were only found in coastal or offshore surface waters. For the 
top 28 most-represented and 29 bottom represented OTUs, 93% and 97% showed this 
exclusivity. For the top 28 OTUs, exclusive OTUs were split equally among coastal/offshore 
surface and mid/bottom waters. For the bottom 29 OTUs, 61% of the exclusive OTUs were 
found in only the coastal/surface waters. The second column of Fig. 23 summarizes the 
32 
 
partitioning of OTUs between DNA and RNA clone libraries. Taken all together, 46% of 
OTUs represented in more than one library (57 total) showed exclusivity in either DNA or 
RNA libraries. 54% of these were exclusively found in DNA libraries. For the top 28 and 
bottom 29 most-represented OTUs, 43% and 48% showed nucleic acid exclusivity, 
respectively. In the top 28 and bottom 29 most-represented OTUs, 42% and 64% respectively 
showed exclusivity in DNA libraries. The third column of Fig. 23 summarizes the 
partitioning of OTUs between particle-associated and free-living clone libraries. Of the 57 
total OTUs represented in more than one library, 46% showed exclusivity in one size 
fraction. 58% of these were exclusively in particle-associated libraries. For the top 28 and 
bottom 29 most-represented OTUs, 18% and 48% showed size fraction exclusivity, 
respectively. In the top 28 and bottom 29 most-represented OTUs, 40% and 64% respectively 
showed exclusivity in the particle-associated libraries. 
Community Diversity for Each Library 
The Shannon diversity Index was calculated for each of the 16 clone libraries. Fig. 24 
shows the calculated values with a bar graph, ordered from most to least diverse. Each library 
is represented by the same bar in each of the four panels. For example, the first bar represents 
the free-living DNA offshore surface library, and it has the greatest diversity index. The color 
coding for each panel categorizes the libraries into groups. In addition, the pie charts (Fig. 8) 
show the Shannon diversity index for each library. Diversity did not vary systematically with 
size fraction or with nucleic acid basis. Offshore libraries spanned the whole width of the 
diversity found in the 16 libraries, whereas the coastal libraries were found in the middle-to-
low end of diversity. Surface (includes coastal) and bottom communities spanned nearly the 
same range of diversity, which was almost the whole range for all 16 libraries. If just the 
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offshore surface libraries are considered, then the three of the libraries show relatively higher 
diversity, while the offshore surface free-living RNA community showed relatively lower 
diversity. The mid-depth offshore DNA libraries showed the least diversity of the total 16, 
with the particle-associated RNA showing relatively more diversity, and the free-living 
showing the 6
th
-most diversity. 
Second Primer Set 
To evaluate primer bias in the construction of the clone libraries, we reconstructed the 
offshore mid-depth particle-associated DNA library with a second primer set.  Instead of 
bacterial 8F and 1492R primers, 341F and 1390R were used in the PCR reaction. Fig. 25 
shows a phylogenetic tree constructed with sequences of about 550bp in length from this new 
primer library. Some sequences from this study using the original primer were included. 
These and sequences from other studies were about 1600bp long. A mask was used to only 
use base pairs 341 to 1390 when constructing the tree.  Fig. 26 shows these sequences in the 
pie chart format, alongside the pie chart obtained from using the original primer. Both 
primers detected Marinomonas, Oceaniserpentilla, Balneatrix, and Neptunomonas in 
descending order of relative abundance. The Oceaniserpentilla, Balneatrix, and 
Neptunomonas groups represented slightly more of the new than of the original primer 
library. However, the new primer detected the presence of three Epsilonproteobacteria, three 
Colwellia and one SAR11, when the original primer detected none of these groups in this 
library. These previously undetected sequences represented about 16% of the new library. 
The increase in representation by these new groups and of the Oceaniserpentilla, Balneatrix, 
and Neptunomonas was balanced by the decreased presence of Marinomonas (67% of old 
library and 43% of new library. All three additional bacterial groups that were found using 
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the second primer were also found using the original primer, but were found in different 
libraries. A check of the primers against sequences from whole genome analyses revealed 
most major bacterial groups contained at least one organism with the original primer 
sequence. While the original primer matched fewer organisms altogether than the second 
primer, the original primer’s breadth of coverage was greater than or equal to that of the 
second primer. It is more likely that the additional bacterial groups found in the mid-depth 
particle-associated DNA library resulted simply from an enhanced sequencing effort than 
from primer bias.  
3.3 Hydrolytic Capabilities of Heterotrophic Communities 
In order to assess the rates and substrate specificities of microbial extracellular 
enzymes that initiate carbon cycling, we measured hydrolysis of six different fluorescently-
labeled polysaccharides that were incubated with sections of the same filters used for 
analysis of microbial community composition. The microbial communities were collected on 
two sizes of filters (0.22µm and 3.0µm), from two different locations (coastal and offshore), 
and for the offshore sampling, at three different depths (surface, mid, and bottom). We 
concurrently measured hydrolysis rates of unfiltered water to assess possible effects of 
filtration on hydrolysis rates and patterns. 
Hydrolysis rates were measured in duplicate over a time course for each substrate in 
each sample. The maximum hydrolysis rate measured over the time course is taken as the 
maximum potential rate at which the microbial community can hydrolyze a given substrate. 
Since incubation time courses ranged up to 21 days, the response of a microbial community 
to a substrate includes growth and changes in community composition. Moreover, since 
substrates added to the samples are in competition with naturally occurring substrate for 
35 
 
enzyme active sites, these rates should all be regarded as potential rates of hydrolysis. Since 
concentrations of added substrate (on a carbon-equivalent level) are approximately equal to 
10% of coastal and 20% of offshore total DOC, the substrate concentration added should 
represent a saturating concentration, and rates should be zero-order with respect to substrate.  
Total Rates of Hydrolysis 
Hydrolysis rates were additionally measured in filtrate.  For each site (coastal, 
offshore at each of three depths), the sum of the maximum hydrolysis rate measured for each 
of the six substrates during the time course of incubation is referred to as the “summed 
hydrolysis rate”.  
In the whole water (Fig. 27), the coastal site had the highest summed rate, followed 
by the offshore mid, surface and bottom waters, respectively. The particle-associated 
community summed rate was similar for all stations except the coastal water, which was 
slightly higher than the other stations. The free-living community summed rate was greatest 
in the coastal water, followed by the offshore surface, mid-depth and then bottom depths. 
The coastal site had the least free-living activity.  
The summed rates of filtrate+filters were greater than the summed whole water rates 
for the coastal station (Fig. 27). For the offshore station samples, filtered rates constituted 
78%, 57%, and 73% of the whole water rates, respectively. At the coast, the filter summed 
rates was nearly equal to the whole water summed hydrolysis.       
The relationship between the summed hydrolysis of particle-associated and free-
living communities did not differ in a systematic manner between stations.  For coastal water, 
the particle-associated fraction had a higher total hydrolysis rate. However, at the surface 
offshore, the free-living fraction had a higher total rate.  At mid-depth, the particle-associated 
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fraction rate was higher, and in the bottom water, both fractions showed similar total 
hydrolysis rates.  
Figure 28 shows the sum of the particle-associated and free-living maximum 
hydrolysis rates compared to the whole water rate for each substrate. From the coastal 
station, chondroitin, laminarin, and xylan all had higher summed particle-associated and free-
living rates than whole water rates. Arabinogalactan and fucoidan, however, has higher 
whole water rates than summed particle-associated and free-living rates. Finally, pullulan 
rates were nearly equal for the summed filters and whole water. Offshore, Pullulan 
hydrolysis rate was always greater than the summed filter rates. For the other four substrates 
hydrolyzed in the offshore station samples, differences between whole water rates and 
summed filter fraction rates varied. At the surface offshore, rates of arabinogalactan 
hydrolysis were low, but the sum of the size fractions was similar to the whole water. Whole 
water rates were greater than summed size fractions for chondroitin except at the bottom 
offshore, where the whole was lower than the summed size fractions. Xylan maximum 
hydrolysis rates were greater in whole water than in the sum of the two size fractions, except 
for the surface offshore, where the whole was lower than the summed size fraction maximum 
rate. Laminarin whole water maximum hydrolysis rates were greater than the summed size 
fractions for the offshore bottom waters. At the surface offshore, the laminarin whole water 
hydrolysis was lower than the sum of the size fractions. For the offshore mid water, the 
whole water and summed size fraction laminarin hydrolysis rates were similar.  
Summed Hydrolysis Normalized to Cell Counts 
Whole water summed hydrolysis rates for the coastal station and all three depths of 
the offshore station were normalized to whole water cell counts (Fig. 29). When the high 
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bacterial abundance at the coastal station (Fig. 4) is taken into account, the normalized 
summed rate of hydrolysis is much lower at the coastal station than at all three depths of the 
offshore station. The low cell abundance at the mid-depth and bottom sites of the offshore 
station means higher normalized rates for these sites than for the surface site. The mid-depth 
site has a particularly high normalized rate because of its identical cell abundance to the 
bottom site but higher summed hydrolysis rate.   
Spectrum of Enzyme Activities 
The relative contribution of each of the enzyme activities to the summed activity in 
whole water is shown by the pie chart slices in Figure 30. At the coastal station, all six 
substrates were hydrolyzed. At the offshore station, five substrates were hydrolyzed in 
surface water, four at mid-depth and three in bottom water. Laminarin contributed 
substantially to summed activity at all stations and sites, constituting more than 25% of the 
coastal, offshore surface and offshore mid-depth summed hydrolysis rates and dominating 
the offshore bottom summed hydrolysis rate. Chondroitin constituted about 25% of the 
summed hydrolysis at all stations except the offshore bottom water, where it represented only 
6% of the summed rate. Xylan hydrolysis contributed most at the offshore mid and bottom 
waters but contributed only about 5% of summed rate for surface water, both coastal and 
offshore. Arabinogalactan was hydrolyzed at the coastal station but not at any depth at the 
offshore station. Fucoidan contributed significantly to the summed hydrolysis at the coastal 
station but was not hydrolyzed at any depth at the offshore station. Pullulan accounted for 
only 5% of summed hydrolysis at the coastal station. Offshore, pullulan contributed about 
26% to the surface hydrolysis, 19% to the mid-depth hydrolysis and was not hydrolyzed at all 
in bottom water.  
38 
 
In most cases, the same suite of substrates was hydrolyzed by whole water, particle-
associated, and free-living fractions (Fig. 31). The only exception was that the particle-
associated offshore surface library showed no arabinogalactan hydrolysis while the free-
living and whole water did. However, the arabinogalactan rates contributed little (~3%) to 
the particle-associated and whole water summed hydrolysis rates.  
Although the same substrates were hydrolyzed by the two size fractions of 
communities, relative rates of substrate hydrolysis varied between the particle-associated and 
free-living communities (Fig. 31). Laminarin hydrolysis accounted for more of the particle-
associated than the free-living hydrolysis at all sites, with one exception: At the mid-depth 
offshore site, laminarin accounted for slightly less of the particle-associated community 
hydrolysis than it did for the free-living. Chondroitin contributed similarly to both filter 
fractions at all but one site. At the bottom offshore site, chondroitin contributed only 4% of 
the particle-associated summed hydrolysis, compared to 36% of the free-living community 
hydrolysis. Xylan contributed almost equally to both filter fractions at the offshore mid-depth 
and bottom sites. At the surface, however, xylan contributed more to the free-living summed 
hydrolysis than to the particle-associated summed hydrolysis rates. The opposite was seen at 
the coastal station, with xylan contributing more to the particle-associated summed 
hydrolysis rates than to the free-living summed hydrolysis rates. Pullulan contributed equally 
to particle-associated and free-living summed hydrolysis when it was hydrolyzed. Fucoidan 
(only hydrolyzed at the coast) accounted for more of the free-living community summed 
hydrolysis rate than of the particle-associated summed hydrolysis rate.  
Although filter communities (Fig. 31) hydrolyzed the same substrates as the whole 
water (Fig. 30), the relative rates of hydrolysis for the six substrates sometimes differed. At 
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the coast, laminarin and fucoidan hydrolysis contributed most to total rates in whole water, 
much like free-living community summed hydrolysis rate. However, the whole water also 
showed a total contribution of 20% from the combination of pullulan, xylan, and 
arabinogalactan, which was more similar to the particle-associated community summed 
hydrolysis. Xylan contributed similarly to filtered and whole summed hydrolysis, except at 
the surface offshore. Here, whole water and particle-associated xylan contribution was 
similar (~5%), but xylan contributed more (15%) to the free-living hydrolysis. 
Time Course of Hydrolysis 
Hydrolysis rates were measured as time courses for each substrate during the whole 
water and filter incubations for all stations. The coastal water was subsampled on days 1, 2, 
6, 8, and 13, and all three depths of the offshore water were subsampled on days 2, 7, 14, 21, 
and 28. Time course incubations are necessary since hydrolysis is detected as a change in 
molecular weight of the total pool of substrate added. The time required for this change to 
occur is unknown a priori, so by sampling over a period of days to weeks, a picture of the 
changing enzymatic capabilities of the community is captured. The time course of hydrolysis 
also provides clues about the enzymatic capabilities of the microbial communities. 
Hydrolysis of some substrates is detected only after long incubation times. This pattern likely 
reflects the time required for a rare organism to double to sufficient numbers to hydrolyze a 
substrate or the time required for an uncommon enzyme to make detectable progress in 
hydrolyzing a specific substrates. Alternatively this time may result from a bacterial group 
shifting from a preferred food source to the substrate when the preferred substrate is 
depleted. Substrates that are hydrolyzed rapidly are likely the target of enzymes that are 
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common to a wider or fast-growing fraction of the population. Differences in patterns of 
hydrolysis thus provide another point of comparison among sites.  
Fig. 32 shows the time course for days 2 through day 13 or day 14 for the whole 
water experiments. After day 13 (coastal) and 14 (offshore), we did not measure a significant 
increase in hydrolysis rate for any of the substrates. All rates can be found in Appendix A. 
Note that the apparent decrease in hydrolysis rates with time are due to complete or nearly-
complete hydrolysis (i.e., hydrolysis to the monomer size class). The apparent decrease in 
rate after the maximum rate is reached is then due to the division of the maximum hydrolysis 
(number of hydrolytic events) by an increasing incubation time. 
For the whole water incubations Fig. 32, all substrates were generally hydrolyzed at 
the same time for the coastal and three depths of offshore water, with two exceptions. The 
maximum rate of chondroitin hydrolysis was reached ca 12 days later in offshore surface 
water compared to the other substrates, and the incubation time at which the maximum rate 
was reached (14 days) was 7 and 12 days later than at the coastal station and the mid-depth 
offshore site, respectively. The maximum rate of xylan hydrolysis at the coastal station was 
likewise much later (7 days +) relative to other substrates at the same station and to xylan at 
all three depths of the offshore station. At the coast, all substrates were hydrolyzed quickly in 
all incubations with the exception of xylan, which reached a maximum only after 14 days. 
Laminarin was hydrolyzed quickly in all whole water incubations. Pullulan hydrolysis 
occurred quickly when it was hydrolyzed (coastal, offshore surface, and offshore mid). 
Fucoidan and arabinogalactan were only hydrolyzed at the coast but were hydrolyzed rapidly 
there. Xylan hydrolysis occurred on day 2 or 6 for the offshore surface water but had 
relatively lower and more constant rates than the other samples. Chondroitin was hydrolyzed 
41 
 
quickly in the coastal water and offshore mid water but maximum rates for the offshore 
surface and deep water did not occur until day 14.  
Filter fractionated community hydrolysis time courses are shown on Fig. 33. When 
both size fractions hydrolyzed a substrate, they did not always hydrolyze it along a similar 
time course. Maximum rates for each substrate occurred at the same time for coastal and all 
three depths of offshore water with the exception of xylan, which occurred later in the 
offshore bottom waters for both size fractions compared to the surface and mid-water 
samples. At the coast, both size fractions hydrolyzed laminarin quickly and reached 
maximum chondroitin hydrolysis rates after day 6. Fucoidan was hydrolyzed quickly by the 
free-living community but only reached a maximum on day 13 for the particle-associated 
community. Xylan hydrolysis rates were fairly constant for both size fractions throughout the 
time course. Pullulan was only hydrolyzed by the particle-associated fraction and reached a 
maximum on day 8. Offshore, laminarin was hydrolyzed quickly in both size fractions at all 
depths. Maximum chondroitin hydrolysis rates occurred on day 7 for all offshore free-living 
communities and the mid depth particle-associated community.  The particle-associated 
surface and bottom communities reach maximum rates of chondroitin hydrolysis only at day 
14. Offshore xylan hydrolysis maximum rates occurred on day 7 for both size fractions at 
mid-depth and for the free-living surface community. The particle-associated surface xylan 
rates were fairly constant. Both size fractions of offshore bottom communities reached 
maximum rates of xylan hydrolysis only by day 14. Pullulan hydrolysis rates were fairly 
constant for the surface particle-associated community, and they reached a maximum by day 
7 for the surface free-living community and by day 14 for the particle-associated mid-depth 
community.  
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The time course of particle-associated and free-living community hydrolysis also 
sometimes differed from their corresponding whole water communities. Laminarin 
hydrolysis always occurred quickly. Maximum pullulan hydrolysis occurred more quickly in 
the whole water community than it did in the size-fractionated for all samples that 
hydrolyzed pullulan (coastal, offshore surface, and offshore mid water). Offshore, 
chondroitin hydrolysis often varied in time course when comparing size-fractioned and 
whole water. At the surface, maximum chondroitin hydrolysis happened more quickly in the 
free-living fraction than it did for the whole water. Chondroitin hydrolysis rates were very 
low for the particle-associated fraction but occurred at the same time as the whole water. At 
mid-depth offshore, the opposite occurred for chondroitin hydrolysis. Maximum chondroitin 
hydrolysis happened more quickly more quickly in the whole water than by the size-
fractioned communities. At the bottom depth offshore, particle-associated and whole water 
hydrolysis rates were both fairly constant, while the free-living fraction rates reached a 
definitive maximum on day 7. Xylan hydrolysis by the coastal size-fractionated communities 
was fairly constant, while whole water reached a definitive maximum by day 14. At the 
surface offshore, whole water and the particle-associated fraction had fairly constant rates of 
hydrolysis, while the free-living reached a distinct maximum by day 7. At mid-depth 
offshore, the time courses were similar for both size fractions and the whole water. At the 
bottom offshore, maximum xylan hydrolysis occurred 7 days earlier in the whole water than 
the size-fractioned communities. Fucoidan, (only hydrolyzed at the coast) was hydrolyzed 
quickly by the whole water and in the free-living fraction, but took until day 14 to reach a 
maximum hydrolysis rate. Arabinogalactan (only hydrolyzed at the coast) had low and fairly 
constant rates of hydrolysis for the free-living fraction and were just barely highest on 2 for 
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the particle-associated fraction. The whole water reached a maximum rate of arabinogalactan 
hydrolysis by day 2.   
Hydrolysis of Dissolved Free Enzymes 
Laminarin hydrolysis occurred within a week in the 0.2µm filtrate from the coastal 
station. Filtrate hydrolysis was measured for all other sites, but hydrolysis in the filtrate never 
occurred within a week for any other sample. After a week, some samples showed hydrolysis 
in the dissolved fraction (only for substrates hydrolyzed by the sample in the whole or size-
fractioned water), but this hydrolysis is probably due to the growth of a few bacteria that 
passed through the filter. Unpublished experiments (Ziervogel et al, unpubl. data) have 
confirmed the growth of bacteria in the dissolved fraction over course of these type of 
incubation experiments using the six polysaccharides. 
 
4.  DISCUSSION 
4.1 Bacterial Community  
We investigated the composition of microbial communities from a coastal station and 
from three different depths of an offshore station. We used filtration to separate the 
communities into particle-associated and free-living groups and constructed both 16S rDNA 
and rRNA to assess the composition of the extant and active communities. The bacterial 
groups found in the surface libraries align with global distribution patterns in the literature 
(Weitz, 2010), and many coastal station surface groups match those found by (Rappé et al, 
1997) off Cape Hatteras. From the warm surface waters to the cold, deeper waters offshore, a 
shift occurs from Alphaproteobacteria to Gammaproteobacteria group predominance (Fig. 8), 
which is also consistent with patterns in the literature for the North Atlantic (Agogué et al, 
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2011; Lauro & Bartlett 2008; Sogin et al, 2006; Schattenhofer et al, 2009). More detailed 
analysis of the clone libraries suggests that a hierarchy of factors affect community 
composition. Ordered from greatest to least influence, surface/subsurface and water mass 
contrasts were most striking, there were detectable differences between DNA-based and 
RNA-based libraries, and there were in specific cases also differences between particle-
associated and free-living communities. This same hierarchy is illustrated through multiple 
analyses: Unifrac analysis (Fig. 10, 11), and shared OTU data (Fig. 12-18), and partitioning 
of OTUs among libraries (Figs. 19-23), with each analysis taking into account different 
qualities of the bacterial community structure.  
Surface/subsurface differences in bacterial groups may be due to depth-related 
environmental parameters such as light. Several specific bacterial groups have shown 
zonation patterns corresponding to different light or nutrient gradients, such as the 
Prochlorococcus high-light adapted and low-light adapted ecotypes (Rocap et al, 2003) and 
SAR11 surface groups and deep group, with seasonal changes in their depth distribution 
(Carlson et al, 2008). Others are deep water groups, such as the SAR324 clade (Wright et al, 
1997). The heat maps (Figs. 19-23) illustrate that partitioning between surface and subsurface 
communities was extensive. Ninety-five percent of all OTUs found in more than one library 
were exclusively in a coastal station or surface offshore station library, or were found only in 
an offshore mid-depth or bottom site library. The top 6 most commonly found OTUs, 
representing 37% of all clones, were found in either both coastal station libraries and 
offshore station surface libraries, or in both offshore station mid-depth and bottom depth 
libraries. The distribution of these ubiquitous groups indicates that their success is likely 
dependent on factor(s) that are not specific to water mass.       
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For the remaining 272 less- abundant OTUs, making up the remaining 63% of all 
clones, water mass seemed to be the primary factor determining distribution. Indeed, 
different water masses in the water column have different histories and typically harbor 
different bacterial assemblages (I. Hewson et al, 2006; Agogué et al, 2011). Shared OTU data 
from this study provide more specific information about lack of connectivity between water 
masses (Figs. 12-18). OTU sharing evaluates similarities in the inventory of bacterial groups 
between libraries, but it does not take into account the abundance of bacterial groups. 
Therefore, the information it provides may be less sensitive to local / short-term changes. For 
example, something like a nutrient pulse can readily alter bacterial abundances, but is 
unlikely to completely add or remove species to/from a water mass or to alter the mode of 
occurrence of a species (attached or free-living). Therefore, OTU data can examine a more 
stable, basal level of similarity. A considerable lack of shared OTUs between the coastal and 
offshore surface, and mid-depth and bottom libraries (Fig. 17) indicates the importance of 
ambient water mass in shaping microbial communities. Water at the coastal station and all 
three depths of the offshore station had distinctly different physical characteristics (Fig. 3). 
The late October coastal station water, with a salinity of 34 PSU, temperature of 20°C and a 
dissolved organic carbon concentration of ca. 220µm, was different from the warmer, more 
saline and oligotrophic early December modified Gulf Stream surface waters of the offshore 
station. Offshore, no deep chlorophyll maximum was apparent, and below the ~75m 26°C 
mixed layer, temperature gradually fell to 6°C and dissolved organic carbon concentration 
was fairly consistent between the three sampled depths (Fig. 4).   
Of these very different water masses harboring very different bacterial communities, 
the mid-depth appears to be especially unique. The mid-depth sampling was from the 
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Subtropical Underwater, which is characterized by a high subduction rate, short residence 
times, and high production rates (O’Connor, et al 2005). Libraries from this depth exhibited 
particularly low diversity (Fig. 8). A few bacterial groups were dominant in all four libraries, 
one of which (Oceaniserpentilla) was exclusive to mid-depth libraries. Very close relatives 
(99.6%) were later found to dominate water samples from the subsurface plume of the 
Deepwater Horizon plume (Hazen et al, 2010). Perhaps this enriched species of 
Oceaniserpentilla is native to the Subtropical Underwater. However, the species represented 
a greater relative portion of the mid-depth community from this study (~25%) than it did in 
non-plume samples (5%) from the Deepwater Horizon plume (Hazen et al, 2010). 
Unfortunately no other data exist on Subtropical Underwater bacterial communities, to the 
knowledge of the authors. However, this example explores the integrity of the bacterial 
community present in a particular water mass and the possible importance of lateral 
advection. As another example, many Flavobacteria clones from this study are similar to 
distinct groups of North Atlantic Flavobacteria that are harbored in different water masses 
(as determined by sea surface temperature and SeaWiFS water leaving radiance)(Gómez-
Pereira et al, 2010).    
Few OTUs were shared between the coastal station and offshore surface station 
(though some of these OTUs represented great numbers of clones, as observed through the 
partitioning information). However, sharing was more common for free-living compared to 
particle-associated OTUs (Fig. 17). This could be due to increased lateral exchange of free-
living species compared to attached species, or it could also due to greater similarity in 
environmental conditions for free-living species across different surface water masses. That 
is, the water column may be more homogeneous than particulate matter.  A lack of OTU 
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connectivity was observed between the three offshore depths, regardless of size fraction 
examined (Fig. 16b and c), indicating that sinking particulate matter may not be 
preferentially transporting bacteria from surface to bottom waters relative to free-living 
bacteria at this station. This could be due to lack of sinking aggregates or hindrance of 
particle movement through the water column by stratified waters (Fig. 3). It could also be 
due to a significant lateral movement during sinking, such that vertical sampling does not 
catch the flux of particles from above. A lack of preferential connectivity for particle-
associated bacteria with depth is also consistent with predicted residence times of bacteria on 
particles (Kiorboe et al, 2002), which are considerably lower than even high estimates of 
vertical sinking rates.  Additionally, bacterioplankton assemblages are consistent on scales of 
less than a few kilometers (Wietz et al, 2010). If rates of lateral advection differ enough 
between depths/water masses, it is very possible that few aggregate-attached 
bacterioplankton ultimately reach a location immediately below their patch of origin.  For 
example, at the surface of the Gulf Stream off the coast of North Carolina in a 3.4km water 
column the surface water can reach ca. 200cm/sec, while water at 500m flows at ca. 
50cm/sec (Halkin & Rossby1985). Combining this with a range of possible sinking rates ca. 
1-1000m/day (Peterson et al, 2005) indicates that patterns of connectivity between 
populations of bacteria in would be difficult to predict.  
Particle-Associated Versus Free-Living Community Dynamics 
In this study, both a coastal station and an offshore station were sampled. The salinity 
at the coastal site (Bogue Sound) showed a strong marine influence at the time of the October 
sampling, but the highly flushed sound likely receives input from the nearby Newport River. 
It has been suggested that longer particle residence times, which can be found in some 
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estuaries and coastal systems, favor the development of phylogenetically distinct particle-
associated and free-living groups (Crump et al, 1999; Selje & Simon, 2003; Crump et al, 
2004; Zhang et al, 2007). Our results, however, show more of a difference between particle-
associated and free-living groups at the offshore site compared to the coastal site. The 
residence times experienced by particles at the coastal station and offshore surface station are 
unknown. Therefore, it is possible that the residence time of the offshore surface water 
particulate matter could be longer than that of the coastal station. The filtration method used 
here should have sampled particles of any residence time, even microaggregates, which may 
be vulnerable to resuspension and/or slower sinking rates in the water column. It is also 
possible that increased particle load at the coast may favor varying degrees of attachment 
ability, not that of the particle specialists. Measures of particulate matter were not made in 
this study, but the 3µm filters from the coastal station water were noticeably darker than 3µm 
filters from the offshore station surface water. As one of few studies to compare particle-
associated and free-living dynamics of both a coastal and an offshore system (Crump et al, 
1999; Garneau et al, 2009), these results demonstrate that coastal areas do not always 
encourage the growth of phylogenetically distinct particle-associated communities.  
The offshore station provided the opportunity to explore differences between particle-
associated and free-living communities with depth (Fig. 13). The difference between size 
fractions varied with depth, but not systematically. In contrast, Acinas et al (1999) saw more 
differences between particle and free-living bacteria at the surface than at depth. Moesender 
et al (2001) saw the same difference between particle-associated versus free-living bacterial 
communities at all depths in the Mediterranean Sea with little or no temperature and salinity 
gradients with depth.  
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The Bacteroidetes have been conspicuously associated with particles in the literature. 
In our study, only one set of libraries--- the offshore station bottom water site--- showed 
relatively more Bacteroidetes in the particle-associated library versus the free-living library 
(Fig. 8). At the offshore station bottom site, the particle-associated RNA library was 
composed of 30% Bacteroidetes, but the free-living RNA library was composed of only 3%.  
The majority of clones from this group belong to an uncultured Flavobacteria cluster from 
the Atlantic Ocean that was highly represented in the total set of clones, partly due to its 
dominant presence in this library. Acinas et al (1999) only found Cytophaga in free-living 
libraries, and they attributed this to the fact that they were studying microaggregates, and not 
macroaggregates, which could contain great quantities of organic matter. In contrast, Zoppini 
et al (2005) saw proliferation of the Cytophaga– Flavobacteria group in enrichments using 
inorganic particulate matter, but saw a dominance of Gammaproteobacteria using organic 
particulate matter. However, Tang et al (2009) saw a relatively high proportion of 
Bacteroidetes associated with algae-derived aggregates. Even though the relationship 
between the Bacteroidetes group and particulate matter is prominent and well-studied, 
questions still remain about when and why this group is present in particle-associated 
bacterial communities.   
A Bacteroidetes group with possibly unexpected underrepresentation in the particle-
associated libraries from this study is the agg55 cluster in the Cryomorphacaeae (O’Sullivan 
et al, 2004), which was not found in any library at all. This group is abundant, globally 
distributed, and was first found in marine snow in the Santa Barbara channel (DeLong et al, 
1993). One group found in this study that did show preferential association with aggregates 
was Pseudoalteromonas, many species of which release algacidal products, and some of 
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which release extracellular enzymes such as agarases (Holmström & Kjelleberg 1999). 
Marinomonas was also preferentially found in particle-associated libraries, and an uncultured 
close relative was isolated from bacterioplankton exposed to diatom detritus (Bidle & Azam 
2001). One notable bacterial group that was preferentially found in the free-living libraries 
was the Balneatrix. The closest relatives of the clone found in this study (99.2% nucleotide 
similarity) have been predominantly found in association with cold seep mussels (Duperron 
et al, 2008), indicating that this species may occupy a different niche outside the benthic 
setting, or that species with almost identical 16S rRNA sequences can have seemingly very 
different living modes.  
RNA and DNA Libraries 
In order to assess the metabolically active members of the bacterial community 
(Kemp et al, 1993; Poulsen et al, 1993), complementary 16S rRNA libraries were constructed 
in parallel with 16S rDNA libraries. Previous studies have found that active members of the 
community identified using RNA analyses are often absent from DNA analyses (Moeseneder 
et al, 2001 (size-fractioned), 2005; Mills, 2005; Ghiglione et al, 2009; La Cono, 2010). These 
active bacteria may be few in number, but could be performing important metabolic 
processes. In the opposite situation, groups found in DNA but not RNA libraries may be 
exhibiting dormancy, the suspected status of ~50% of free-living bacteria (Hoppe 1976; 
Tabor & Neihof 1982, Pedros-Alio & Brock, 1983).  
Metabolically active bacterial groups from this study ranged in abundance from rare 
to dominant, as indicated by the RNA library groups and their degree of representation in the 
corresponding DNA libraries (Fig. 8). Many active groups were not found in DNA libraries 
at all, and many extant bacterial groups were found to be inactive or dormant, as indicated by 
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the small percentage of OTUs found in both DNA and RNA complementary libraries (Fig. 
12). The mid-depth offshore libraries contained a noticeable lack of dormant or dead OTUs 
(exclusively in DNA libraries) and exhibited the highest degree of sharing between DNA and 
RNA libraries,  which may indicate an absence of the “seed bank” mechanism for survival at 
the mid-depth site (Pedrós-Alió 2006; Palacios et al, 2008). The free-living surface offshore 
station libraries demonstrated the greatest number of inactive OTUs and also the fewest rare-
but-active OTUs. Variation in the prevalence of dormancy between libraries is not surprising, 
as the importance of dormancy for a bacterial community depends on factors as wide-ranging 
as bacterial group (Jones & Lennon 2010). In the North Atlantic, rare OTUS were specific to 
different water masses (Agogué et al, 2011), challenging the seed bank idea that everything is 
everywhere (Becking, 1934). As another example, in the Arctic, bacterial groups were 
similar from the summer to winter despite great biogeochemical changes, indicating that the 
seed bank strategy may not be employed there (Kirchman et al, 2010). The seed-bank 
mechanism has been suggested as a contributor to microbial diversity (Jones & Lennon, 
2010), which we may have evidence for here, with the lack of diversity at in the mid-depth 
libraries and high diversity in the surface libraries offshore (Fig. 8).  
A change from a dormant to an active state may occur when a bacterium attaches to a 
particle (Pedros-Alio & Brock 1983; Hoppe, 1984; Kiorboe et al, 2002). In the laboratory, 
(Baty III et al, 2000) saw upregulation of chitinase activity in some subpopulations of starved 
Pseudoalteromonas sp. strain S91 and growth stimulated upon attachment to both chitin 
(nutritional) and silicon (non-nutritional) wafers, suggesting that even non-nutritional 
surfaces can promote growth. (Grossart et al, 2007) reported enhanced protease activity on 
pure agar spheres containing no protein. In this study, OTU distribution across libraries could 
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address this question. Dormancy in the free-living state and activity in the particle-associated 
state was shown for several OTUs, and this specific distribution across libraries occurred 
almost exclusively in the offshore bottom libraries (Fig. 19). However, the possibility that 
greater numbers of free-living DNA-exclusive OTUs at the bottom may be attributed to death 
than dormancy could alter this view.  
One abundant group of bacteria in the DNA libraries that was noticeably missing 
from the RNA libraries was the SAR11 group, in both the coastal station and offshore station 
surface sample libraries. There are no obvious methodological reasons for this discrepancy. 
The total nucleic acid extraction protocol extracted both DNA and RNA at the same time, the 
same primers were used for both DNA and RNA libraries, and Moeseneder et al (2005) 
found the SAR11 group using T-RFLP of both RNA and DNA, indicating that preferential 
SAR11 RNA degradation is unlikely. It appears that the SAR11 group simply may not have 
been very active in our samples, despite evidence that SAR11 bacteria are large and active 
off the North Carolina coast (April study; Malmstrom et al, 2004). One other study, to the 
knowledge of the authors, demonstrated low activity in SAR11 bacteria. In the Arctic, ~2% - 
50% of SAR11 bacteria showed uptake of glucose and amino acids using micro-FISH, with 
even fewer actively taking up ATP, while other groups such as Roseobacter, 
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria had higher percentages 
of active bacteria (AlonsoǦSáez et al, 2008).  
Bacterial Community Diversity 
It is interesting that the differences between these subsets of the community (surface 
vs. subsurface, particle-associated vs. free-living, DNA vs. RNA) do not systematically 
correlate with any major changes in extent of bacterial community diversity (Fig. 24). In fact, 
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diversity as measured by the Shannon index shows 8 of the 16 libraries with relatively 
similar diversity, 4 libraries with higher diversity, and 4 libraries with lower diversity. The 
community with the highest diversity (the free-living offshore surface extant) was 3.2 times 
more diverse than the least diverse (the offshore particle-associated mid-depth extant). 
Overall, community diversity may play a role in some of these comparisons, but not a 
systematic one. The only consistent diversity pattern observed was observed with depth, with 
an increase in diversity from the coastal station to the surface site of the offshore station, a 
decrease in diversity at mid-depth and an increase in bottom waters (Fig. 8). The free-living 
active community followed exactly the opposite pattern because of the great decrease in 
diversity associated with the domination of the Thalassospira and SAR324 in the offshore 
station surface and bottom site libraries. These groups have clearly found a niche may be 
more likely to hold this niche and dominate compared to the particle-associated groups 
because of the relatively greater spatial and temporal homogeneity of nutrients the water 
column than on particles.  
4.2 Enzyme Results in the Context of the Bacterial Community   
Bacterial community analysis in parallel with hydrolysis analyses can provide 
important contextual information about a long-studied but perplexing process – the 
degradation of organic matter by bacterial extracellular enzymes.  
Substrate Hydrolysis Patterns at the Coastal and Offshore Surface Stations 
The extent to which each substrate is hydrolyzed in an environment may be a function 
of a number of things: (1) The degree of prevalence (or absence) of the genetic potential for 
hydrolysis (2) the presence of cofactors or inducers necessary for hydrolysis (3) The presence 
of a substrate in a particular environment, that is, the level of exposure of the bacterial 
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communities to the substrate, and (4) characteristics of the hydrolytic enzymes such as 
efficiency, turnover time, and lifetime.  
Examining the specific substrates hydrolyzed at each station showed that coastal 
station communities most often had more diverse hydrolytic capabilities (Figs. 30, 31). The 
microbial community at the coastal station hydrolyzed all six fluorescently-labeled 
polysaccharides, but the community at the offshore station surface site hydrolyzed just four 
or five of the six substrates, depending on size fraction (Fig. 31). Broad enzymatic 
capabilities are a fairly frequent observation through the course of a year at this site (unpubl. 
data). Greater capabilities at the coast cannot be explained by increased diversity in the 
bacterial community (Fig. 8). While the coastal and offshore communities were not exactly 
the same, some of their shared OTUs made up considerable portions of the libraries, and the 
free-living DNA libraries from the coastal and offshore station were not observed to 
statistically significantly different. The free-living offshore station surface sample was able to 
hydrolyze almost as many substrates at the coastal station (Fig. 31), which parallels the 
greater similarity between free-living coastal and offshore surface communities than particle-
associated (Fig. 17). The enhanced capabilities of communities at the coastal site may also be 
explained by minor members of the community or differences between the particle-
associated communities at each station. Looking at the particle-associated DNA libraries, 
however, yields no clues to the enhanced hydrolytic capabilities at the coastal station. The 
coastal station library is dominated by the OCS155 clade of bacteria and the SAR11 group, 
neither of which have been observed to carry out significant extracellular hydrolysis. The 
offshore station library is dominated by Alteromonadales, a group particularly implicated in 
extracellular hydrolysis. If the reason for the greater hydrolysis at the coastal station than the 
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offshore station relates to the bacterial community composition, it does so at a very fine 
phylogenetic resolution.   
The particular strains and species of bacteria in an environment, and any nuances in 
hydrolytic capabilities, may be affected by the presence of the substrate. Fucoidan hydrolysis 
showed the greatest difference between stations, contributing considerably to the summed 
hydrolysis rate of the both size fractions (Fig. 31) and the whole water (Fig. 30) at the coastal 
station, but not hydrolyzed at all by the offshore station communities (Figs. 30, 31). A 
previous study reporting fucoidan hydrolysis in the water column also showed significantly 
higher rates at a coastal site (Delaware Bay) compared to a site further offshore (Steen et al, 
2010). The structure of fucoidans produced varies depending on the species of brown algae 
that produces them (Li et al, 2008), and these species may have different distribution 
patterns, which may determine the pattern of exposure for different bacterial communities. 
Arabinogalactan and chondroitin hydrolysis were also greater at the coastal station compared 
to offshore (Fig. 30). Arabinogalactan is a plant cell wall polysaccharide, so bacterioplankton 
communities near the coast may be exposed to plant cell wall material more often than 
offshore communities, increasing the likelihood for selection of organisms that are able to 
utilize this substrate. Arabinogalactan hydrolysis has been found to be significantly higher in 
the Delaware Bay compared to a site further offshore, in the Gulf Stream (Steen et al, 2010). 
However, hydrolysis of arabinogalactan substrate has also been observed 1000 km off the 
Chilean coast (Arnost et al, 2005). Chondroitin hydrolysis was dramatically lower at a Gulf 
Stream site offshore than at a Delaware Bay site (Steen et al, 2010) and was not hydrolyzed 
off the Chilean coast (Arnost et al, 2005). Pullulan contributed more to summed hydrolysis of 
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the offshore station compared to the coastal station, but only for the whole water (Fig. 28) 
(see Discrepancies Between Size Fractioned and Whole Water).  
Particle-Associated versus Free-living Hydrolysis Rates and Patterns 
Summed hydrolysis rates for particle-associated and free-living microbial 
communities did not differ greatly in this study (Fig. 28). Similarly, particle-associated and 
free-living bacteria were shown to contribute equally to the degradation of Phaeocystis 
(Becquevort et al, 1998). In addition, no significant differences were observed in hydrolysis 
rates between particle-associated and free-living isolates (Martinez et al, 1996). The 
abundance of bacteria in each size fraction was not evaluated here, however. The spectra of 
enzymes between particle-associated and free-living groups were also similar. Particle-
associated bacteria may be more likely to be copiotrophs, with low nutrient affinity (Pinhassi 
et al, 2004), and more likely to be exposed to different types of HMW particulate than free-
living groups. In our study, the particle-associated fraction never had greater capabilities than 
the free-living fraction (Fig. 31). In one case, the free-living community was actually able to 
hydrolyze one more substrate than the particle-associated community. Particle-associated 
bacteria may not be exposed to a greater variety of substrates, or an explanation could lie in 
the composition if the bacterial community. Of the comparisons made (coastal versus 
offshore, surface versus subsurface, extant and active) the particle-associated / free-living 
comparison found the least partitioning and general the most sharing. The enzyme activities 
were correspondingly the most similar between particle-associated and free-living samples. 
These results suggest that association with particles in this system may not determine 
bacterial community structure, exposure to substrate, or hydrolytic capabilities as much as 
has been previously predicted/observed.  
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Whole-water summed rates were greater than the sum of filtered fractions for most 
substrates. Discrepancies differed by substrate; pullulan hydrolysis was particularly affected.  
In a few instances, however, whole water rates were less than summed size fractions. This 
was true for xylan and laminarin in the surface and chondroitin in the bottom samples of the 
offshore station.  Laminarin and chondroitin also had lower whole water rates than summed 
fractions at the coastal station. This pattern did not consistently appear for any one substrate.  
Greater particle-associated+free-living rates and some proportion of the greater whole-water 
rates may testify to the importance of mutualistic and competitive interactions between 
particle-associated and free-living bacteria in shaping hydrolysis rates.  
Dissolved Enzymatic Activity and Filtering 
Greater whole water rates than particle-associated+free-living could also be due to a 
few other factors. Filtering may disturb the bacterial community in such a way that hinders 
their general metabolism (including by death) or alters their extracellular hydrolytic 
capabilities. The physical limitation in the filter experiments of this study could particularly 
be the sorption of enzymes to the filter. Sorbed enzymes were shown to hydrolyze pullulan to 
the same extent, but perform the hydrolysis over a longer period of time (Ziervogel et al, 
2007). If this were true, however, we would expect to see longer-sustained hydrolysis, which 
we did not observe, even for the charged substrates arabinogalactan and chondroitin. At the 
coastal station, the overall summed rates for particle-associated and free-living filters were 
nearly equal. The addition of the dissolved enzyme fraction made the total size-fractioned 
rate greater than the whole water rate (Fig. 27). Hydrolysis of laminarin and xylan has been 
observed before in the dissolved fraction (Murray et al, 2007; Keith & C. Arnosti 2001), and 
laminarin, xylan, pullulan and chondroitin). However, at the offshore station, no dissolved 
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enzyme hydrolysis was observed. The lifetime of dissolved enzymes may be longer at the 
coastal station due to sorption on particles, which has been shown to be the case for pullulan 
(Ziervogel et al, 2007). With substrate proxies, however, free enzymes have been shown to 
greatly contribute to hydrolysis in the mesopelagic, where sorption is presumably not an 
issue (Baltar et al, 2010). No relationship between dissolved enzyme activity and differences 
in bacterial community composition is apparent.  
Depth Effects 
Fewer substrates were hydrolyzed with depth for both size fractions and the whole 
water, despite the similar rate of hydrolysis (Figs. 30, 31). A simultaneous decrease in rates 
and hydrolytic capabilities with depth has never been found before in investigations using 
these polysaccharides. In the Gulf of Mexico, the spectrum of substrates hydrolyzed was 
relatively similar at all depths, but summed hydrolysis rates decreased (Steen, in review). In a 
Gulf Stream station offshore from the Delaware Bay, a decrease in the number of substrates 
hydrolyzed with depth was observed, but was accompanied by a reduction in rates with depth 
(Steen et al, 2008). The closest results to those found here were observed in the Pacific. Four 
substrates were hydrolyzed at the surface and only two at just 100m depth, with only a slight 
decrease in hydrolysis rate of the individual substrates (Arnosti et al, 2005). Despite their 
limited enzyme spectra, both the DNA and RNA libraries from the bottom offshore station 
portray great bacterial diversity (Fig. 21). Concentration of DOC (Fig. 33) provided no 
correlation as it did with summed per-cell rate. Lower temperature at depth may seem like an 
obvious answer to decreased abilities. No correlation was found between temperature and 
rate of hydrolysis, but the warmer surface sites did hydrolyze more substrates than the colder 
sites at depth. Interestingly, bacterial communities do not lose the ability to hydrolyze a 
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consistent substrate or set of substrates with depth. That is, none of the six substrates appears 
as a consistently surface water- or bottom water- associated substrate. If a factor such as low 
temperature were restricting hydrolysis of certain substrates, one would expect that 
hydrolysis of same substrates would always be restricted to warmer waters.  
A more appropriate explanation for narrower enzymatic capabilities at depth could 
again relate to the exposure of the communities to substrate. Differences in phytoplankton 
composition in at different sites could explain the lack of surface water- or bottom water- 
associated substrates (and therefore hydrolytic capabilities for those substrates). The 
members of the diverse bacterial community in the bottom water may be selectively growing 
because of their ability to efficiently hydrolyze one or more of the narrow spectrum of 
substrates that is “leftover”. The low substrate diversity may foster functional redundancy 
among bacterial groups, explaining the co-occurring bacterial diversity and narrow enzyme 
spectrum. We only measured six substrates here, so we cannot say for certain that there was 
less variety in available substrate with depth. However, the composition of organic matter in 
the ocean becomes less identifiable with depth as aggregation, disaggregation, 
remineralization, and a whole host of other physical and biological processes transform the 
organic matter as it sinks (Lee et al, 2004).  
The influence of water mass—independent of depth—on enzymatic activity must also 
be considered, especially in light of the influence of water mass on bacterial communities 
(Wietz et al, 2010). Traditionally, the degradation of organic matter is discussed under the 
assumption that it is sinking through the water column. This does occur during blooms, and 
in certain regions characterized by the formation of large aggregates and marine snow. 
However, the importance of buoyant, laterally advected particles in the dark ocean is 
60 
 
beginning to become apparent (Bochdansky et al, 2010).  Although our sampling site was not 
very deep (~530m), we saw that the distribution of species with depth may be truly depth-
related, related to water mass specifically or some combination of the two, depending on the 
species. It is probable that substrates hydrolyzed in the water column also vary by depth, 
water mass, or some combination of those, depending on which substrate is examined. 
4.3 Connecting Bacterial Communities and Enzyme Activity  
The relationship between microbial communities and their extracellular function is 
complex and dynamic. Differences in enzymatic capabilities may be controlled by a 
combination of:  (1) different hydrolytic capabilities of communities (due to varying 
capabilities for different bacterial groups) and (2) differential expression of enzymes by these 
communities. Additionally, changes in the structure of microbial communities can drive 
changes in enzymatic capabilities, and also changes in enzymatic requirements due to 
substrate availability or other environmental parameters can drive changes in the structure of 
bacterial communities (Haynes et al, 2007; Murray et al, 2007).  Finally, functional overlap 
between bacterial communities and the uncertainty of knowing which (possibly shared) 
specific bacterial groups are actually contributing to extracellular hydrolysis are important 
elements to consider.  
In our study, different water masses harbored distinct bacterial communities (Fig. 8), 
which possessed different hydrolytic capabilities in the degradation of six HMW 
polysaccharides (Fig. 31). Direct links between community composition and function are 
difficult to make using a phylogeny-based approach because of the loose connection between 
phylogeny and physiology.  
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We found very different communities in each water mass sampled (Fig. 8), and also 
different spectra and per-cell summed rates of hydrolytic activities (Fig. 29) in these water 
masses. These results are in accordance with a number of studies (Martinez et al, 1996; 
Bauer et al, 2006; Weiner et al, 2008; Glöckner et al, 2003) that have provided clear evidence 
of substrate specialization among marine bacteria. However, (Teske et al, 2011) observed 
similar hydrolytic capabilities in two compositionally different communities in surface and 
bottom waters of an Arctic fjord.  
Functional redundancy appears to also vary by substrate. Laminarin was hydrolyzed 
quickly by all samples in this study, as well as others (Arnosti et al, 2009; Arnosti 2008; 
Steen et al, 2008) possibly due to the distribution of hydrolytic capability for this substrate 
across microbial phyla and subphyla. Several groups found in this study’s clone libraries 
have been shown to grow on laminarin as a sole carbon source (Pseudoalteromonas 
tetradonis, Sulfitobacter pontiacus, Vibrio splendidus; (Alderkamp et al, 2007). The 
functional redundancy may be due to the prevalence of laminarin in the marine environment 
(Painter, 1983). On the other hand, fucoidan hydrolysis is often absent in the water column 
(unpub. data), and fucose-containing polysaccharides have been identified as 
remineralization “problems” (Amon et al, 2001), despite the high concentrations of sulfated 
deoxysugars like these in ubiquitous transparent exopolymers (TEP) (Mopper et al, 1995; 
Alldredge et al, 1993). Uncertainties regarding functional redundancy make it difficult to 
connect the composition of specific bacterial communities with the enzymatic function. Our 
results using fine phylogenetic resolution and structurally specific substrates (with some 
mixed and charged substrates) unmatched by short substrate proxies suggest that 
investigations into functional redundancy must move beyond measures such as bacterial 
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diversity and into more specific bacterial information about hydrolytic potential of bacterial 
groups.   
All enzymes are also subject to biochemical constraints that affect their efficiency, 
activity, and lifetime. One of the most recognized constraints is temperature. We were able to 
obtain rates for the degradation of six very structurally specific polysaccharides by 
communities from (and incubated at) different water temperatures. Our results show that 
temperature was not the overriding factor controlling the summed hydrolysis rates, spectra of 
hydrolysis or lag time in hydrolysis. This has not been observed in previous investigations 
using HMW polysaccharides of this kind (Arnosti et al, 2005; Steen et al, 2008). Organisms 
may modify their extracellular enzymes to counteract unwanted temperature effects, as has 
been observed in cold environments (Gerday et al, 1997). Temperature also likely affects 
different enzymes in different ways. On basin-wide scales, laminarin hydrolysis has been 
positively correlated with temperature (unpubl. data), though evidence of this was not 
observed here.  
Cell counts and summed hydrolysis rates 
Interestingly, summed hydrolysis rates did not vary greatly between the coastal 
station and the offshore station surface communities (Fig. 27), despite the fact that cell 
abundance at the coastal station was ca. 10 times greater than at the offshore station (Fig. 5). 
A previous investigation in the coastal Gulf of Mexico comparing the Apalachicola Bay and 
Gulf sides of St. George’s Island likewise found that differences between sites in hydrolysis 
rates were relatively small, despite an almost order-of magnitude greater cell abundance at 
the Apalachicola Bay site (Arnosti et al, 2009). These observations underscore the point that 
bacteria differ in their potential rates and enzymatic spectra, as shown through field 
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(Martinez et al, 1996) as well as genomic (Bauer et al, 2006; Glöckner et al, 2003; Weiner et 
al, 2008) investigations. An unknown fraction of the population is responsible for 
enzymatically hydrolyzing specific substrates, helping to explain the disconnect between 
total cell counts and rates of hydrolysis.  
The variance of hydrolytic activity with depth at the offshore station also show a 
disconnect between cell numbers and summed hydrolysis rates. Even though cell abundance 
was roughly twice as great at the surface as at the mid-depth and bottom sites (Fig. 5), 
summed hydrolysis rates at the three depths were fairly constant (Figs. 27). The summed 
hydrolysis rates per cell in the mid-depth and bottom waters were thus calculated to be 
approximately twice as fast as in surface waters (Fig. 29). A similar observation has been 
made using small substrate proxies to measure enzymatic hydrolysis in the mesopelagic 
ocean, where decreases in cell counts were far greater than decreases in hydrolytic activity, 
such that the per-cell activity was calculated to increase with depth (Baltar et al, 2009). 
Baltar et al, (2009) interpreted these data to imply a greater enzymatic production and 
demand for cellular carbon at depth. Data from this study demonstrate the same trend of 
increased cell-specific extracellular enzyme activity at depth (Fig. 29), even with the loss of 
ability to hydrolyze certain substrates (Fig. 30). Offshore, the mid-depth sample actually 
showed higher cell-specific summed hydrolysis rates than the bottom samples. An inverse 
correlation between the concentration of dissolved organic carbon ([DOC]; Fig. 4) and 
summed extracellular per-cell hydrolysis rate (R
2
= 0.96) was more prominent than a strict 
increase in cell-specific activity with depth. Bacteria in waters with low [DOC] may be 
optimized for high enzyme activity upon encountering a possible substrate because substrates 
are so sparse. In our incubations, the high-production machinery may have been stimulated 
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by the substrate addition, leading to the great per-cell summed rates of hydrolysis in the mid-
depth and bottom samples. If the coastal station summed hydrolysis rate is included, the 
correlation with [DOC] is not as tight (R
2
= 0.714). Levels of particulates in the water column 
as measured through beam attenuation also show a negative correlation with cell-specific 
activity offshore (R
2
=0.8619), and the lowest per-cell rate was observed at the coast, whose 
filters showed the most particulates. Thinking about the relationship from the other direction, 
the low [DOC] and particulates and high rates of hydrolysis could indicate a tighter coupling 
between extracellular activity and uptake, which has been suggested to occur at depth (Hoppe 
et al, 1993). The negative correlations between cell-specific enzyme activity and [DOC] and 
particulates are intriguing. However, interpretation of their relationship is speculative, 
considering that the composition and bioavailability of particulate matter and DOC in each 
sample was unknown and likely varied.  
Do RNA Libraries Provide Greater Correlation with Hydrolytic Activities than DNA 
Libraries? 
The clone libraries constructed using 16S rRNA aimed to assess the active bacterial 
community. These bacteria may be more likely to perform hydrolytic activities on a specific 
substrate if they have the necessary molecular tools.  If the active community does not 
possess these tools, then an inactive relatively abundant group that is capable of hydrolysis 
may be activated. Or, a relatively rare group with the capability could increase in abundance. 
Because of these different possibilities, maximum rates of hydrolysis probably do not 
correspond to the activity of initially active groups. However, the time course of hydrolysis 
can give important clues to how much individual metabolic and community composition 
restructuring must take place in order for high rates of hydrolysis to occur. For example, 
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despite the great diversity across all RNA libraries, laminarin was hydrolyzed quickly in all 
samples, supporting the hypothesis that a wide range of marine bacteria can hydrolyze 
laminarin. Mixed community incubations give a more accurate picture of the hydrolytic 
capabilities of natural communities than isolate experiments can. However, it is important to 
remember that even if a community hydrolyzes substrate quickly, which portion of the 
metabolically active community is performing the hydrolysis is unknown.  
Can Specific Species be Linked to Summed Rates and Spectra? 
Because of the uncertainty in knowing which bacterial groups are performing 
hydrolysis in our experiments, it is difficult to make connections between specific bacterial 
groups and substrate uptake, even with the structurally specific substrates used here. 
However, of all bacterial groups found in this study, one that may be most likely to have an 
influence on hydrolysis rates is the Bacteroidetes. The group has been implicated in the 
degradation of HMW organic matter (Kirchman, 2002), but we see no clear enhancement of 
the summed hydrolysis rate, hydrolysis spectrum or reaction time for those samples whose 
libraries included the Bacteroidetes group. Bacteroidetes are specifically correlated with the 
degradation of phytodetritus (Gihring et al, 2009), and the six substrates tested do not fully 
represent the marine environment. However, the Bacteroidetes group was not preferentially 
found in particle-associated libraries from this study, either (Fig. 8). The Bacteroidetes 
species in our samples may simply not conform to typical characteristics of the group. The 
presence of the Pseudoalteromonas genera, also implicated in algal detritus breakdown 
(Gihring et al, 2009), did not clearly correlate to greater enzymatic capabilities, either. With 
these model cases, we are seeing that more information is necessary about the hydrolytic 
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potential of specific species to make connections between phylogenetic characterization and 
hydrolytic activity.    
Even at mid-depth, where hydrolysis rates were relatively high and diversity 
relatively low, it is difficult to connect bacterial groups and hydrolytic activity. Information 
on the extracellular enzyme activity of the dominant mid-depth groups is scarce, though the 
Marinomonas, Oceaniserpentilla, Neptunomonas and Balneatrix species have all been 
identified as survivors in polluted and/or oil-contaminated areas (Melcher et al, 2002; 
Hedlund et al, 1999; Alonso-Gutiérrez et al, 2008; Hazen et al, 2010; Maki et al, 2003). The 
overwhelming presence of these groups at mid-depth (in the Subtropical Underwater) may 
have something to do with the variety of organic carbon in this water mass. The Subtropical 
Underwater forms quickly, capturing any surface substrates, and also has a short residence 
time (O’Connor et al, 2005). Another possibility is that this water mass is oil-rich and 
contains hydrocarbons from a natural seep, as was observed for the Subtropical Underwater 
in the southwest North Atlantic (Harvey et al, 1979; Requejo & Boeh, 1985). Although the 
community changes during the course of the incubation, high rates of pullulan, chondroitin 
and laminarin activity were measured after a very short time, implying that the initial 
community was able to hydrolyze these substrates. The intrinsic properties of this water mass 
may discourage functional redundancy, leading to hydrolysis of four of the substrates despite 
the low diversity. A greater number of bacterial groups were found in the RNA libraries than 
the DNA libraries at mid-depth, so it is also possible that some of these other populations that 
were not the dominant active groups were active enough to perform the rapid hydrolysis.  
Time Course of Hydrolysis 
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For the substrates hydrolyzed by the microbial communities of both the coastal 
station and offshore station surface site, two substrates had noticeably different patterns of 
hydrolysis with time: chondroitin and xylan (Fig. 32). These different patterns likely reflect 
differing time-scales of response of the microbial communities. Rapid response suggests 
either wide-spread presence of a gene or genes for the appropriate enzyme(s) among diverse 
members of the community, and/or the presence of the gene(s) for the enzyme among 
numerically abundant members of the community. A slow response (increasing hydrolysis 
rates with time) would likely indicate an increased growth response by a rare group capable 
of hydrolyzing the substrate, induction of enzymes among such community members, and/or 
a shift in metabolism as low concentrations of natural substrates in the incubation are 
exhausted. Chondroitin hydrolysis peaked six days later in the offshore surface station 
sample than in the coastal station sample (Fig. 32).  An experiment involving pre- exposure 
of a microbial community to chondroitin has suggested that enzyme induction can occur for 
chondroitin on the time scale of hours to days (Arnosti, 2004). Pure culture experiments with 
a few organisms have also showed inducibility of chonodroitin- hydrolying enzymes (Lipeski 
et al, 1986); (Shain et al, 1996). Xylan hydrolysis was still increasing on day 12 in the coastal 
incubation, while it was steady in the offshore station surface sample (Fig. 32). The coastal 
pattern is consistent with hydrolysis performed by an initially small portion of the population 
that grows over the time course of the incubation.  
Maximum rates for each substrate occurred at the same time for coastal and all three 
depths of offshore water, with the exception of delayed maximum xylan hydrolysis rates in 
the offshore bottom waters for both size fractions (Fig. 33). This delay is consistent with 
either induction by the substrate, or the growth of a hydrolyzing population with an initially 
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small abundance. The time course of hydrolysis varied between particle associated and free-
living fraction for some substrates, despite hydrolyzing nearly always the same substrates. It 
is in the time course of hydrolysis for these substrates that the most sensitive info regarding 
differences in bacterial composition and enzymatic activity may be found.   
This study is an exciting first step in the arduous task of connecting whole bacterial 
communities to community-based functions. The assessment of both a coastal and an 
offshore site has allowed for ecosystem-based context and comparison. The late fall / winter 
sampling period of this study has provided insight into bacterial community dynamics and 
function during an underrepresented regime in particle-associated / free-living and 
extracellular enzyme activity literature, which is traditionally dominated by a summer 
stratification or phytoplankton bloom focus.  
 
4.  CONCLUSIONS 
The parallel analysis of bacterial community structure and enzymatic capabilities 
from a coastal and an offshore setting, as well as from three depths at the offshore station, 
has provided insights into the shaping of both bacterial community structure and potential 
hydrolytic rates and enzymatic spectra. Differences in bacterial community composition and 
enzymatic capabilities between surface and subsurface samples were most striking. The 
sampling from coastal water, modified Gulf Stream surface water, Subtropical Underwater, 
and oxygenated bottom water of the North Atlantic Central Water, all in a water column of 
530m, has provided an excellent illustration of the influence of water mass in shaping the 
bacterial community, as well as enzymatic capabilities. Analysis of both the particle-
associated and the free-living communities added another level of complexity. Particle-
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associated and free-living groups were most similar among all of the comparisons of 
bacterial community structure, and were also most similar in their hydrolytic capabilities. 
The use of both RNA and DNA added to the holistic view of community structure. The 
interpretation of data on the presence and absence of bacterial groups in DNA and RNA 
libraries suggested that sometimes these groups were similar, sometimes very active groups 
were not very abundant, and sometimes abundant groups were not particularly active. 
However, presence in the RNA does not strictly imply metabolic activity, and independent 
tests of activity for different bacterial groups should be pursued in future work.  
This study has added data to several relatively understudied topics such as: the 
difference between particle-associated and free-living bacteria in both a coastal and offshore 
setting and also during a non-bloom scenario, the difference between active and extant 
bacterial communities using 16S rRNA, and hydrolytic rates, spectra, and time courses from 
different depths. With the specific high molecular weight substrates used here, this is one of 
very few studies to provide parallel bacterial community structure data. Technical methods 
are advancing rapidly to aid in the investigation of bacterial enzymatic capabilities. The 
multi-faceted data gathered here, including phylogenetically specific bacterial community 
information and specific enzymatic capabilities, has great potential for reanalysis to obtain 
even more insight into understanding the relationship between bacterial community structure 
and enzymatic capabilities.   
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FIGURES 
 
(a)  
 (b)  
 Fig. 1 (a) Coastal and offshore station locations and (b) detailed view of coastal station 
location graphed using Ocean Data View (Schlitzer, 2002)  
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Fig. 2 Division of each filter for the parallel molecular characterization of the microbial 
community and enzymatic hydrolysis analysis with six fluorescently-labeled 
polysaccharides.    
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Fig 3 CTD Data. Temperature in black, salinity in red, oxygen concentration in blue, and 
beam transmission in orange. Lines show sample depths and names.  
  
“Mid-depth” 
“Bottom” 
“Surface” 
73 
 
 
 
Fig. 4 Concentration of DOC measured in whole water from the coastal and all three depths 
of bottom water. Error bars show deviation between two replicates.  
 
 
 
Fig. 5 Cell counts from whole-water samples using 4',6-diamidino-2-phenylindole (DAPI).  
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Fig. 7 Rarefaction curves for all 16 clone libraries. FL = Free-living; PA = Particle-
associated. OTU definition = 0.03. 
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Fig. 8 Bacterial community composition of all 16 clone libraries. Not all categories are of 
the same taxonomic specificity. Alphaproteobacterial groups are shown in blue. 
Gammaproteobacterial groups are shown in red. Larger bars indicate greater diversity 
determined using the Shannon index. PA= Particle-Associated, FL=Free-Living. OTU 
definition = 0.03. See Fig. 9 for legend. 
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Fig. 9 Legend for Fig.8.  
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Fig. 10 Cluster diagram (weighted) of 16 clone libraries, constructed with fast Unifrac 
using the weighted option, which takes into account OTU abundances. Nodes in the tree are 
colored according to the fraction of the random samples that they were recovered in. IMS= 
Coastal site, OS= Offshore site, 2= 0.2µm, 3= 3.0µm, D= DNA, R=RNA, for offshore 
samples: S= Surface, M= Mid-depth, and B= Bottom samples.  
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Fig. 11 Cluster diagram (unweighted) of 16 clone libraries, constructed with fast Unifrac 
using the unweighted option, which does not take into account OTU abundances. Nodes in 
the tree are colored according to the fraction of the random samples that they were recovered 
in. Boxes indicate clustering of libraries (labeled DNA, DNA, etc.). IMS= Coastal site, OS= 
Offshore site, 2= 0.2µm, 3= 3.0µm, D= DNA, R=RNA, for offshore samples: S= Surface, 
M= Mid-depth, and B= Bottom samples.  
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# Exclusive DNA OTUs # Exclusive RNA OTUs # Shared % Shared 
Coastal particle-associated     
12 11 2 8 
Coastal free-living     
16 13 4 12.1 
Offshore surface particle-associated     
17 19 5 12.2 
Offshore surface free-living     
28 7 4 10.3 
Offshore mid particle-associated     
1 11 4 25 
Offshore mid free-living     
2 10 6 33.3 
Offshore bottom particle-associated     
13 12 8 24.2 
Offshore bottom free-living     
13 16 1 3.3 
 
Fig. 12 Pairwise comparison between OTUs contained in DNA and RNA libraries. In % 
shared column, deeper shades of red indicate greater numbers of shared species. OTU 
definition = 0.03. 
 
# Exclusive PA OTUs # Exclusive FL OTUs # Shared % Shared 
Coastal DNA     
8 14 6 21.4 
Coastal RNA     
6 10 7 30.4 
Offshore surface DNA     
15 25 7 14.9 
Offshore surface RNA     
19 6 5 16.7 
Offshore mid DNA     
1 4 4 44.4 
Offshore mid RNA     
9 10 6 24 
Offshore bottom DNA     
16 9 5 16.7 
Offshore bottom RNA     
19 16 1 2.8 
 
Fig. 13 Pairwise comparison between OTUs contained in free-living (FL) and particle-
associated (PA) libraries. In % shared column, deeper shades of red indicate greater 
numbers of shared species. OTU definition = 0.03. 
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Clones compared 
# Strictly DNA 
OTUs  
# Strictly RNA 
OTUs 
# 
Shared  %Shared  
All  69 66 32 19.2 
Coastal 23 18 5 10.9 
Offshore 52 50 28 21.5 
Coastal+Surface 
Offshore 55 37 13 12.4 
Offshore-Surface 38 21 9 13.2 
Offshore-Mid 2 18 7 25.9 
Offshore-Bottom 18 24 12 22.2 
 
Fig. 14 Combined comparisons between OTUs contained in DNA and RNA libraries to 
compare a larger samples of the population. OTU definition = 0.03. 
 
Comparison 
# Strictly PA 
OTUs 
# Strictly FL 
OTUs # Shared  %Shared  
All 63 67 37 22.2 
Coastal 13 21 12 26.1 
Offshore 52 52 26 20 
Coastal+Surface 
Offshore 40 42 23 21.9 
Offshore-Surface 29 27 12 17.6 
Offshore-Mid 9 11 7 25.9 
Offshore-Bottom 24 21 9 16.7 
 
Fig. 15 Combined comparisons between OTUs contained in particle-associated (PA) 
and free-living (FL) libraries to compare a larger samples of the population. OTU 
definition = 0.03. 
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(a) Whole community 
 
(b) Particle-associated                                                     (c) Free-living 
         
       (d) Extant (DNA)                                                                 (e) Active (RNA) 
 
Fig. 16 Comparisons between OTUs found in offshore libraries of different depths, 
examining (a) the whole community and four subsets of all clones: (b) particle-associated, (c) 
free-living, (d) extant, and (e) active.  No single OTU was shared between all three depths in 
the subsets or whole communities. % is of summed OTUs for both communities sharing 
OTUs. OTU definition = 0.03. 
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Fig. 17 Percentage of OTUs shared between DNA libraries from different water masses, 
separated into particle-associated and free-living groups.   
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(a)  
 
(b) 
 
Fig. 18 Shared OTUs between coastal (surface) libraries and offshore surface libraries, 
examining different subgroups of all clones: (a) particle-associated (PA) and free-living (FL) 
and (b) extant (DNA) and active (RNA). Red region in each indicates OTUs found in all four 
subgroups. OTU definition = 0.03. 
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Fig. 19 OTUs present in free-living DNA libraries and particle-associated RNA 
libraries, but not free-living RNA libraries. Flav. = Flavobacterium  
  
#seq. rep. Clone Taxonomic Reference D R D R D R D R D R D R D R D R
73 Ys0Os112 Marinomonas 30 18 5 5 8 1 6
22 Yr7Os205 Pseudoalteromonas 17 2 2 1
16 Ys0OsR66 Flav. Atl. Oc. 2 2 1 9 2
14 Ys3Os126.1Neptunomonas 1 1 7 2 3
6 Ys3Os119 Reinekea 4 1 1
5 Ys3Os101 Flav. Atl. Oc. 2 2 1
3 Ys3Os129 Thalassobius  1 1 1
2 Yr8Os147 unc. OCS116 Clade 1 1
Coastal Offshore
Surface  Surface  Mid Bottom
PA FLPA FL PA FL PA FL
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Fig. 20 Heat map showing distribution of OTUs among all 16 libraries. First letter and 
number of clone names indicate the tree (g=Gammaproteobacteria, a=Alphaproteobacteria, 
o=Other, b=Bacteroidetes) and position in tree. For example, clone g16Ys0Os112 is found in 
the Gammaproteobacteria tree. It is the 16
th
 clone from the top, and it is found in the tree as 
g16Ys0Os112. ALL numbers represent percentage of each library the OTU composes. First 
bar = 73 seqs. PA= Particle-Associated, FL=Free-Living. OTU definition = 0.03. 
#seq. rep. Clone Taxonomic Reference DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA
g16Ys0Os112 Marinomonas 67 41 13 13 17 2 12
g22Ys3OsD96 Balneatrix 7 55 23 8 59
a35ImsYyyy9 Candidatus Pelagibacter ubique 32 31 8 12
o21Yr8Os122 Synechococcus sp. RS9905 21 2 7 4 19 2 20
a1Vh8Im249 unc. Chesapeake Bay Roseobacter 4 26 4 32 2
o33Vh7Im277 Actinobacteria gp. OCS155 28 22 4 4
a23Yr8Os186 Thalassospira 5 51
g7Yr7Os205 Pseudoalteromonas 32 5 4 2
g18Ys0Os116 Oceaniserpentilla 18 14 11 8
o29Yr6Os141 marine Actinobacteria 5 13 29
b30Ys0OsR66 Flavobacterium Atlantic Ocean 5 5 2 19 4
g37Yr6Os142 ENPO SUP05 5 5 26
g12Ys3Os126 Neptunomonas 2 2 15 4 6
g19Ys0Os147 Oceaniserpentilla 7 11 8 5
a30Vh8Im301 SAR116 5 2 18
o8Ys0Os137 MGB / SAR324 Clade - Group II 3 20
o9Vh8Im240  SAR324-  Chesapeake Bay 8 5
b24Vh8Im231 Flavobacterium Marine Group NS9 13 5
a5Yr8Os135 Sulfitobacter 10 7
a16Yr7Os150 Hyphomonas 8 5 2
g38Yr6Os189 Arctic BD96BD-19 group 8 2 5
g17Ys3Os119 Reinekea 8 2 2
o24Vh7Im224 Micromonas 4 2 6
a36Yr7Os204 SAR11- Surface 1 group 4 8
b31Ys3Os101 Flavobacterium Atlantic Ocean 5 4 2
o23Yr7Os226 Prochlorococcus 4 7
a9Yr6Os154 Leisingera 4 6
g33Vh7Im295 SAR86 (II) 6 2 2
# OTUs represented by <5 sequences 23 21 25 27 32 45 48 16 18 8 13 31 23 14 37
FL PA FLPA FL PA FL PA
Coastal Offshore
Surface  Surface Mid Bottom
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Fig. 21 Heat map showing distribution of OTUs among all 16 libraries. ALL numbers 
represent percentage of each library the OTU composes. Arranged to highlight differences 
between particle-associated and free-living bacteria. First letter and number of clone names 
indicate the tree (g=Gammaproteobacteria, a=Alphaproteobacteria, o=Other, 
b=Bacteroidetes) and position in tree. For example, clone g16Ys0Os112 is found in the 
Gammaproteobacteria tree. It is the 16
th
 clone from the top, and it is found in the tree as 
g16Ys0Os112. First bar = 73 seqs. PA= Particle-Associated, FL=Free-Living. OTU 
definition = 0.03. 
#seq. rep. Clone Taxonomic Reference DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA
g16Ys0Os112 Marinomonas 67 41 17 2 13 13 12
g22Ys3OsD96 Balneatrix 7 8 55 23 59
a35ImsYyyy9 Candidatus Pelagibacter ubique 32 8 31 12
o21Yr8Os122 Synechococcus sp. RS9905 21 4 19 2 7 2 20
a1Vh8Im249 unc. Chesapeake Bay Roseobacter 4 26 4 32 2
o33Vh7Im277 Actinobacteria gp. OCS155 28 4 22 4
a23Yr8Os186 Thalassospira 5 51
g7Yr7Os205 Pseudoalteromonas 32 5 4 2
g18Ys0Os116 Oceaniserpentilla 18 14 11 8
o29Yr6Os141 marine Actinobacteria 5 13 29
b30Ys0OsR66 Flavobacterium Atlantic Ocean 5 2 19 5 4
g37Yr6Os142 ENPO SUP05 5 26 5
g12Ys3Os126 Neptunomonas 2 2 15 4 6
g19Ys0Os147 Oceaniserpentilla 7 11 8 5
a30Vh8Im301 SAR116 5 2 18
o8Ys0Os137 MGB / SAR324 Clade - Group II 3 20
o9Vh8Im240  SAR324-  Chesapeake Bay 8 5
b24Vh8Im231 Flavobacterium Marine Group NS9 13 5
a5Yr8Os135 Sulfitobacter 10 7
a16Yr7Os150 Hyphomonas 8 5 2
g38Yr6Os189 Arctic BD96BD-19 group 2 8 5
g17Ys3Os119 Reinekea 8 2 2
o24Vh7Im224 Micromonas 4 2 6
a36Yr7Os204 SAR11- Surface 1 group 4 8
b31Ys3Os101 Flavobacterium Atlantic Ocean 4 5 2
o23Yr7Os226 Prochlorococcus 4 7
a9Yr6Os154 Leisingera 4 6
g33Vh7Im295 SAR86 (II) 6 2 2
# OTUs represented by <5 sequences 23 21 32 45 18 15 23 25 27 48 7 8 13 14 37
Particle-associated Free-Living
Coastal Surface Mid Bottom Coastal Surface Mid Bottom
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Fig. 22 Heat map showing distribution of OTUs among all 16 libraries. ALL numbers 
represent percentage of each library the OTU composes. Arranged to highlight differences 
between DNA and RNA libraries. . First letter and number of clone names indicate the tree 
(g=Gammaproteobacteria, a=Alphaproteobacteria, o=Other, b=Bacteroidetes) and position in 
tree. For example, clone g16Ys0Os112 is found in the Gammaproteobacteria tree. It is the 
16
th
 clone from the top, and it is found in the tree as g16Ys0Os112. First bar = 73 seqs. PA= 
Particle-Associated, FL=Free-Living. OTU definition = 0.03.  
  
#seq. rep. Clone Taxonomic Reference PA FL PA FL PA FL PA FL PA FL PA FL PA FL PA FL
g16Ys0Os112 Marinomonas 67 13 17 12 41 13 2
g22Ys3OsD96 Balneatrix 7 55 8 59 23
a35ImsYyyy9 Candidatus Pelagibacter ubique 32 31 8 12
o21Yr8Os122 Synechococcus sp. RS9905 2 4 2 21 7 19 20
a1Vh8Im249 unc. Chesapeake Bay Roseobacter 4 4 2 26 32
o33Vh7Im277 Actinobacteria gp. OCS155 28 22 4 4
a23Yr8Os186 Thalassospira 5 51
g7Yr7Os205 Pseudoalteromonas 32 2 5 4
g18Ys0Os116 Oceaniserpentilla 18 11 14 8
o29Yr6Os141 marine Actinobacteria 5 13 29
b30Ys0OsR66 Flavobacterium Atlantic Ocean 2 4 5 5 19
g37Yr6Os142 ENPO SUP05 5 5 26
g12Ys3Os126 Neptunomonas 2 15 6 2 4
g19Ys0Os147 Oceaniserpentilla 7 8 11 5
a30Vh8Im301 SAR116 2 5 18
o8Ys0Os137 MGB / SAR324 Clade - Group II 3 20
o9Vh8Im240  SAR324-  Chesapeake Bay 8 5
b24Vh8Im231 Flavobacterium Marine Group NS9 13 5
a5Yr8Os135 Sulfitobacter 10 7
a16Yr7Os150 Hyphomonas 8 5 2
g38Yr6Os189 Arctic BD96BD-19 group 8 2 5
g17Ys3Os119 Reinekea 8 2 2
o24Vh7Im224 Micromonas 4 2 6
a36Yr7Os204 SAR11- Surface 1 group 4 8
b31Ys3Os101 Flavobacterium Atlantic Ocean 2 5 4
o23Yr7Os226 Prochlorococcus 4 7
a9Yr6Os154 Leisingera 4 6
g33Vh7Im295 SAR86 (II) 6 2 2
# OTUs represented by <5 sequences 23 25 32 48 8 31 14 21 27 45 16 18 13 23 37
Mid Bottom
DNA RNA
Coastal Surface Mid Bottom Coastal Surface
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Pair Showing Partitioning Surface/Depth DNA/RNA PA/FL 
Top 28 represented OTUs       
% exclusive  93 43 18 
% PA, DNA, or Surface of exclusive 50 42 40 
    Bottom 29 represented OTUs       
% exclusive  97 48 48 
% PA, DNA, or Surface of exclusive 61 64 64 
    Total 57 OTUs represented in >1  
library       
% exclusive  95 46 33 
% PA, DNA, or Surface of exclusive 56 54 58 
 
 
Fig. 23 Partitioning of OTUs between surface (coastal+offshore surface) and depth, DNA 
and RNA, and particle-associated and free-living.  
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Library 
 
Fig. 24 Shannon diversity index for all 16 libraries, ordered from greatest to least estimated 
diversity. Each of the four panels shows the same clone libraries in the same order, with color 
coding to signify different lifestyle (particle-associated or free-living), metabolic state (extant 
or active), habitat (coastal or offshore), and depth of each library. OTU definition = 0.03. 
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Fig. 25 Neighbor-joining tree showing phylogenetic relationships between the offshore mid 
particle-associated DNA sequences using an alternative primer set and cultured and 
uncultured species from other studies. Several sequences obtained with the original primer 
set are included, and are marked with **.  New primer sequences are ~550 bp long, and all 
other sequences are full-length. A mask was used to only include base pairs 341-1390.  
95 
 
 
Fig. 26 Comparison of the offshore mid-depth particle-associated DNA library 
constructed using the bacterial 8F and 1492R primers, which all 16 libraries were constructed 
from, and another primer pair: 341F and 1390R. See Fig. 9 for legend. 
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Fig. 27 Summed hydrolysis rates (PA=particle-associated; FL=free-living; Filt=filtrate; 
Whole= whole water incubation).  
Hydrolysis rates (nM monomer h
-1
) 
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Fig. 28 Maximum rates of hydrolysis for particle-associated + free-living size fractions and 
whole water for each substrate. Bars show deviation between two replicates. Rates in nM 
monomer/hr. 
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Fig. 29 Normalized whole water summed hydrolysis rate for all six substrates (normalized 
to cell counts).  
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Fig. 30 Whole-water hydrolysis rates for coastal and offshore libraries at different depths. 
Slices of circles represent maximum rates of hydrolysis for each substrate as a portion of the 
summed hydrolysis.  
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Fig. 31 Size-fractioned hydrolysis rates for (a) coastal and (b) offshore libraries at different 
depths. Slices of circles represent maximum rates of hydrolysis for each substrate as a 
portion of the summed hydrolysis. Note that the free-living mid-depth library showed a very 
small amount of arabinogalactan hydrolysis that is difficult to see in the pie chart.   
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Fig. 32 Whole water time course of hydrolysis of six different substrates by coastal and 
offshore communities.  Error bars show deviation between two replicates.  Substrates =                
         Laminarin             Xylan            Fucoidan            Chondroitin           Arabinogalactan                 
         Pullulan 
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Fig. 33 Particle-associated and free-living time course of hydrolysis of six different 
substrates from (a) coastal (b) offshore surface (c) mid and (d) bottom samples. Substrates  
=            Laminarin             Xylan            Fucoidan            Chondroitin           Arabinogalactan             
              Pullulan  
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APPENDIX A: HYDROLYSIS MEASUREMENTS 
 
 
Offshore station hydrolysis rates  
Substrate 2d 7d 14d 21d 28d 2d 7d 14d 21d 28d 2d 7d 14d 21d 28d
ara 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.089 0.096 0.093 0.000 0.000 0.000 0.000 0.081
0.000 0.063 0.068 0.061 0.044
chon 0.000 0.000 0.123 0.526 0.484 0.000 0.872 0.838 0.630 0.529 0.000 0.859 3.370 2.614 2.156
0.044 0.002 0.056 0.695 0.128 0.051 0.006 0.306 0.063 0.035 0.003
fu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
lam 3.195 1.498 0.839 0.612 0.485 3.829 1.613 0.946 0.688 0.545 5.355 2.992 1.918 1.542 1.294
0.355 0.064 0.018 0.013 0.013 0.414 0.130 0.043 0.010 0.004 0.062 0.013 0.076 0.123 0.085
pull 0.000 0.068 0.087 0.151 0.143 0.000 0.137 0.145 0.154 0.158 3.335 1.818 1.284 0.606 0.556
0.000 0.042 0.028 0.054 0.004 0.036 0.000 0.015 0.024 0.109 0.258 0.224 0.191 0.022
xyl 0.254 0.211 0.189 0.236 0.336 0.137 0.906 0.880 0.621 0.479 0.588 0.649 0.486 0.366 0.341
0.123 0.031 0.014 0.036 0.088 0.106 0.015 0.012 0.020 0.019 0.206 0.094 0.026 0.035 0.020
ara 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
chon 0.000 0.978 0.328 0.191 0.439 0.000 0.658 0.545 0.420 0.370 3.462 0.752 0.461 0.606 0.687
0.000 0.281 0.134 0.013 0.013 0.620 0.159 0.043 0.033 0.571 0.429 0.115 0.215 0.308
fu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
lam 2.382 1.362 0.776 0.565 0.443 2.171 1.307 0.781 0.585 0.482 3.900 4.864 2.809 2.064 1.430
0.076 0.027 0.013 0.021 0.013 0.077 0.046 0.031 0.023 0.043 0.751 0.076 0.040 0.012 0.174
pull 0.000 0.000 0.146 0.110 0.181 0.000 0.000 0.000 0.038 0.131 2.962 1.169 0.863 0.700 0.552
0.000 0.000 0.069 0.063 0.008 0.000 0.000 0.000 0.000 0.000 0.656 0.210 0.077 0.102 0.041
xyl 1.086 1.199 0.544 0.587 0.444 0.218 0.965 0.792 0.569 0.449 0.367 4.046 3.060 2.178 1.551
0.481 0.098 0.000 0.013 0.011 0.006 0.379 0.060 0.030 0.012 0.281 0.609 0.043 0.073 0.164
ara 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000
chon 0.000 0.028 0.090 0.139 0.117 0.000 1.282 0.848 0.651 0.546 0.653 0.558 1.116 1.171 0.955
0.023 0.028 0.071 0.040 0.545 0.169 0.207 0.253 0.192
fu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
lam 2.771 1.104 0.683 0.491 1.466 0.834 0.534 0.424 6.253 3.358 2.170 1.654 1.339
0.024 0.028 0.009 0.001 0.045 0.004 0.006 0.013 0.123 0.152 0.057 0.051 0.068
pull 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
xyl 0.088 0.275 0.890 0.613 0.032 0.040 0.864 0.613 0.129 3.080 3.252 2.216 1.748
0.050 0.016 0.003 0.001 0.031 0.019 0.004 0.001 0.121 0.715 0.151 0.118 0.052
Bottom Free-Living Bottom Whole
Surface Free-LivingSurface Particle-Associated
Mid Particle-Associated Mid Free-Living
Bottom Particle-Associated
Surface Whole
Mid Whole
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Coastal station hydrolysis rates.  
  
Substrate 1d 2d 6d 8d 13d 49d 1d 2d 6d 8d 13d 49d
ara 0.000 0.524 0.351 0.313 0.276 0.798 0.000 0.000 0.000 0.000 0.203 0.150
0.291 0.219 0.136 0.016 0.038 0.000 0.140 0.108
chon 0.000 3.135 3.980 3.523 2.155 0.466 0.000 0.000 2.620 1.825 1.069 0.428
1.113 0.562 0.033 0.419 0.111 0.750 0.461 0.272 0.007
fu 0.000 0.000 0.000 0.000 0.854 0.371 0.000 2.352 0.912 0.475 0.602 0.249
0.000 0.000 0.000 0.081 0.089 0.834 0.362 0.011 0.292 0.107
lam 3.166 3.813 2.404 2.191 1.765 0.817 1.081 2.109 1.628 1.240 1.262 0.581
0.966 0.364 0.158 0.092 0.088 0.045 0.462 0.390 0.210 0.067 0.374 0.081
pull 0.000 0.000 0.000 0.568 0.417 0.583 0.000 0.000 0.000 0.166 0.166 0.073
0.173 0.200 0.124 0.112 0.141 0.034
xyl 1.094 0.882 0.692 0.663 1.037 0.721 0.126 0.015 0.111 0.125 0.179 0.334
0.224 0.066 0.097 0.147 0.496 0.002 0.032 0.008 0.095 0.092 0.048 0.079
ara 0.000 1.500 0.821 1.081 1.002 1.290 0.000 0.000 0.000 0.000 0.000 0.072
0.129 0.085 0.128 0.323 0.189 0.027
chon 0.000 3.693 4.383 3.741 2.379 1.399 0.000 0.000 0.000 0.000 0.000 1.105
2.615 0.664 0.426 0.363 0.204 0.101
fu 0.000 4.426 1.338 1.329 1.106 1.126 0.000 0.000 0.000 0.000 0.000 0.000
0.520 0.437 0.326 0.249 0.348
lam 1.373 4.347 4.821 4.307 3.489 2.464 0.000 4.659 5.134 4.728 3.664 1.969
0.740 1.258 0.748 0.530 0.336 0.004 0.000 1.119 2.996 2.418 1.310 0.014
pull 0.000 1.071 0.711 0.838 0.673 1.119 0.000 0.000 0.000 0.000 0.000 1.281
0.941 0.634 0.370 0.221 0.031 0.101
xyl 0.821 0.948 2.291 2.785 3.336 2.176 0.000 0.000 0.000 0.000 0.000 1.109
0.534 0.117 0.156 0.405 0.169 0.035 0.599
Coastal Particle-Associated Coastal Free-living
Coastal Whole Water Coastal Filtrate
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APPENDIX B: EXTENDED HEAT MAP  
 
Heat map of all OTUs representing more than one sequence. Numbers are absolute numbers 
of sequences and not percentages of libraries.  
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